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Dear  colleagues; 

MMET*98  is,  no  doubt,  a  development  of  all  the  previous  meetings  of  this  series. 
By  now  it  has  established  itself  as  a  truly  unique  professional  forum  on  the  whole  space 
between  the  Baltic  Sea  and  Pacific,  and  between  the  North  Pole  and  the  Caucasus.  How¬ 
ever,  this  time  it  is  also  a  very  different  meeting.  For  the  first  time  it  has  reached,  in  the 
number  of  papers  in  the  program  (272),  and  in  the  scale  of  international  organizations 
involvement  and  support,  the  level  of  major  world  conferences  in  electromagnetics.  In  the 
technical  quality  of  the  program,  we  believe  that  it  is  even  higher,  due  to  a  reasonable 
mixture  of  applied  mathematics  and  microwave  engineering.  As  all  of  you  perfectly  know, 
the  more  mathematics  we  manage  to  put  in  the  electromagnetic  problem  solution,  the 
better  algorithms  we  obtain. 

There  is  a  tremendous  variety  of  problems,  both  canonical  and  new  ones,  that  meet 
a  researcher  in  the  hilly  terrain  of  computational  electromagnetics;  there  is  a  reciprocally 
great  variety  of  solution  methods.  Rope-way  of  MoM  and  industrial  rock-climbing  with 
FDTD  electric  hammers  is  a  necessary  technology  here;  but  a  winter  solo  climb  at  the 
Everest  of  analytical  regularization  is  still  a  fascinating  achievement.  We  are  grateful  to  all 
the  authors  who  submitted  their  papers  to  MMET*98  and  have  come  to  participate  and 
share  their  devotion  to  the  exciting  world  of  solutions  of  Maxwell’s  equations.  It  was  a 
pleasure  to  work  with  the  members  of  Organizing  Committee  and  Technical  Committee; 
all  of  us  should  be  especially  thankful  to  the  small  team  of  the  editors  of  these  Proceedings. 

We  wish  you  to  enjoy  the  conference  and  hope  to  be  able  to  gather  you  again  at  the 
future  MMET’s  in  the  next  millenium. 

Eldar  I.  Veliev  and  Alexander  I.  Nosich 


The  MMET*98  conference  program  looks  truly  wonderful.  I  really,  really  wish  I  could  be  there. 
It  is  an  honor  that  my  name  has  been  associated  with  it.  I  am  sure  that  it  will  be  a  great  experience.  Best 
wishes  for  the  meeting. 

W.  Ross  Stone,  IEEE  Antennas  and  Propagation  Society 


It  is  an  impressive  program  that  MMET*98  organizers  have  managed  to  put  together.  I  wish 
everybody  all  possible  success  with  the  conference.  I  will  have  to  look  into  the  future  for  a  new  possibil¬ 
ity  to  go  to  Ukraine. 

Staffan  Strom,  URSI  Commission  “B  ” 


lAGA  is  honored  to  co-sponsor  the  international  conference  MMET*98.  Besides  fostering  ad¬ 
vances  in  electromagnetic  theory,  lAGA  notes  that  benefits  of  this  meeting  will  include  in-depth  scien¬ 
tific  discussions,  opportunities  for  student  and  young  scientist  participation,  and  leadership  develop¬ 
ment.  We  wish  every  success  for  the  meeting. 

Jo  Ann  Joselyn,  International  Association  of  Geomagnetism  and  Aeronomy 
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Ill-posed  Inverse  Problems  Based  on  Volterra-Type  Equations^ 

(invited) 

KP.Gaikovich 

Radiophysical  Research  Institute,  B.Pecherskaya  st.,  25, 

Nizhny  Novgorod,  Russia,  603600, 

Phone:  8312  367294,  Fax:  8312  369902, E-mail:  gai@pirflmnov.su 


Abstract  -  As  it  is  well  known,  inverse  problems  based  on  Volterra  equations  are, 
as  a  rule,  well-posed.  But  in  the  case  when  a  function  should  be  retrieved  in  the 
range  which  is  wider  than  the  range  where  the  right  side  of  the  equa,tion  is  given, 
the  solution  appears  an  ill-posed  inverse  problem.  A  number  of  physical  examples 
is  given,  and  it  is  shown  that  such  inverse  problems  could  be  successfully  solved  on 
the  basis  of  Tikhonov's  method  of  general  discrepancy. 

Introduction 

Let  us  consider  the  Volterra-type  equations  of  the  1-st  and  2-nd  kind; 


|A;(r,5)(p(5)<is  =  /(0, 

a 

t 

(p(0  +  xj  K{t,s)<p(s)ds  =  fit) . 


These  equations  are  practically  well-posed  in  [a,b\  when  the  right  side  of  (1)  or  (2)  is  given  in 
the  same  range  a<t<b.  More  exactly,  the  equation  (2)  has  a  continuous  and  unique  solutio^ 
if  the  kernel  and  the  right  side  of  (1)  are  continuous  in  [a,*].  The  equation  (1)  has  the 

continuous  solution,  if  there  are  continuous  derivatives  ^  ^ 

•  r  AT 

There  is  the  possibility  of  the  new  formulation  of  the  problem  for  the  Volterra-type 
equations.  It  appears,  when  the  right  side  of  equations  (1)  and  (2)  is  given  in  the  [a,c] ,  where 
c<b,  i.e.,  when  the  retrieval  range  is  ivider  than  the  range,  in  which  the  right  side/fO  is  given. 
In  that  case  (1)  and  (2)  can  be  rewritten  as 


I  i;:(r,5)(p(5)i&  =  fit)  -  J  Kit,s)(t)is)ds  =  Fit) ,  (3) 

a  ^ 

c  « 

x|  Kit,s)(pis)ds  =  fit)  -  (p(0  -  J  Kit,s)(?is)ds  =  Fit).  (4) 


'  This  work  was  supported  by  RFBR  under  grant  96-02-165 14  and  by  grant  of  Russian  Education  Ministry. 
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One  can  see  that  if  we  suppose  that  not  only/O  is  known  in  [a,c\  but  also  the  function  <p(s), 
we  have  the  effective  right  sides  F{t)  and  F{i),  and  equations  (3)  and  (4)  are  Fredholm  integral 
equations  of  the  1-st  kind  relative  the  solution  in  [c,b\  Such  equations  are  typical  iU-posed 
problems.  It  is  clear,  that  the  solution  of  (1)  and  (2)  in  the  whole  range  [a,h\  hy  fit)  given  in 
[a,c]  is  still  more  complicated  problem.  In  this  case  these  integral  equations  are  the  ill-posed, 
type  of  which  has  yet  no  special  name. 

The  most  effective  approach  to  solution  of  ill-posed  integral  equations  is  the  Tikhonov’s 
theory  based  on  generalized  discrepancy  principle  and  the  solution  method  of  the  same  name 
[l].The  main  preference  of  Tikhonov’s  method  consist  in  the  uniform  convergence  of  the 
retrieval  error  to  zero  at  mean  square  convergence  of  right  side  errors.  As  it  is  in  all  ill-posed 
problems,  its  accuracy  could  be  determined  only  on  the  basis  of  numerical  simulation. 

Physical  problems  based  on  ill-posed  Volterra-type  equations 

Physical  problems  related  with  integral  equations  are,  as  a  rule,  inverse  problems.  Some  of 
them  consist  in  the  solution  of  Volterra  equations,  and  could  be  considered  in  the  described 
above  formulation  as  ill-posed  problems.  Some  examples  are  presented  here. 

1.  Refraction  inverse  problem  in  a  spherical  symmetry  medium  [2,3]. 

a.  Limb-viewing  geometry  [2]. 

For  limb-viewing  measurements  the  refraction  inverse  problem  can  be  expressed  as  the 
Volterra-type  integral  equation  of  the  1-st  kind  (the  dependence  of  refraction  s  on  radial 
distance  of  ray  perigee): 

Paso.  J\J  _  On 

10“'  J  .  Pi  ^PO  ^Psmx  ,  (1) 

where  p  =  nr,  n^  =  «(ro),  pq  =  r,  r^  are  radial  distances,  N=  10^(«-1)  is  refraction  index, 

n  is  refractive  index. 

b.  Immersion  geometry  [3]. 

The  dependence  of  refraction  on  radial  position  (distance)  of  the  source  or  receiver  in  the 
medium  can  be  expressed  as  Volterra  integral  equation  of  the  2-nd  kind: 

NiPo) -  f  N{p)r  ,  =  10'^^  S(A) »  Pi  ^PO  ^PmsK .  (2) 

i  [P  -[Po^osQipJfl 

where  0  is  the  elevation  angle  of  the  ray  at  the  source  position. 

If  one  considers  the  equations  (1)  or  (2)  in  the  case,  when  their  right  side  is  given  in  the 

region  pi<pQ<  pi,  Pi  <  Pniax»  solution  for  the  region  Pi'^p  ^Pxasa  becomes  an  ill- 
posed  problem.  Similar  equations  describe  the  radiometry  inverse  problems  of  limb-viewing 
and  immersion  remote  sensing  of  planet  atmospheres  [4]. 

2.  Diagnostics  of  the  superconductive  films  in  a  strong  electromagnetic  field  [5-6]. 

The  measured  dependence  of  averaged  over  the  conductor  surface  resistance  on  magnetic 
field  amplitude  in  the  case  of  one-dimensional  distribution  of  magnetic  field  in  a  rectangular 
cavity  resonator  is  related  with  the  true  resistance  dependence  RJfl)  as 
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<KW> 


4  (H/HJ 
rcH„  J 


RAH)dH, 


0  <  /4i  ^  ^max  , 


(3) 


The  inverse  problem  of  Rs{H)  retrieval  in  the  range  0  <  <  i/max  becomes  ill-posed  in  real 

conditions,  when  the  measurements  region  is  limited  at  low  magnetic  field  values,  and  there  are 
measurements  only  in  the  range  H2<Hm^  /fmax. 


3.  Thermal  history  inverse  problems. 

a.  Thermal  conductivity  equation  for  half-space. 

Let  us  consider  the  homogeneous  half-space  z  <  0  with  the  constant  parameters;  thermal 
diffiisivity  coefficient  cP".  If  we  have  boundary  condition  for  temperature  -  Toil),  then 
the  dynamics  of  the  temperature  distribution  inside  the  half-space  can  be  determined  from 
thermal  conductivity  equation  as  a  function  of  depth  and  time  as  follows: 


The  inverse  problem  consist  of  retrieval  of  the  boundary  condition  7b(0  t>y  measurements 
T{z,t).  There  are  two  possibilities;  the  first  of  them  (Tikhonov’s  [1])  is  based  on  measurements 
of  depth  profile  Tiz)  at  time  h,  and  the  second  (considered  here  as  ill-posed  Volterra-type 
equation)  is  based  on  measurements  T{t)  at  some  arbitrary  depth  zo  in  the  range  a^t<b.  The 
retrieval  in  this,  second,  case  should  be  found  in  the  region  {c,b\  where  c<a.  For  the  solution 
the  necessary  condition  is  To(t)  s  0  at  r  <  c  (otherwise,  it  will  be  unaccounted  source  of  error). 

b.  Thermal  conductivity  equation  for  space  with  the  spherically  symmetric  source. 

If  we  have  the  homogeneous  space  r  >  0  with  the  boundary  condition  T(R,f)  =  7o(0 
sphere  r  =  R,  the  temperature  evolution  in  the  region  r  >  7?  is  determined  by 


R(r-R) 

r-)j4'm^{t-xy 


exp(- 


(r-Rf 

4a^(t-x) 


)dx 


(5) 


The  ill-posed  Volterra-type  equation  for  (5)  is  the  same  as  for  (4)  -  to  retrieve  the  To(R,t)  in 
the  range  a<t^b  by  T(ro,t)  at  some  arbitrary  radial  distance  ro  in  the  region  [c,b\  c<a. 

c.  Retrieval  of  temperature  evolution  of  media  by  thermal  emission  dynamics. 

More  sophisticated  inverse  problems  are  based  on  simultaneous  solution  of  thermal 
conductivity  and  thermal  emission  transfer  equations  [7].  The  brightness  temperature  of 
upward  thermal  radio  emission  of  half-space  z  <  0  at  wavelength  %  is  determined  from 
emission  transfer  equation,  assuming  that  the  reflection  on  half-space  interface  is  absent : 


2^(X)=  Jr(z)y(A,)exp(yz)£fe  , 


(6) 
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where  y(X)  is  the  absorption  coefiBcient. 

The  substitution  of  (4)  into  (6)  gives  [7]; 

t 

^ (0  =  J  T, (/)[ -  (y^y erfc{ya4t^ )e^y^y  (7) 

If  the  function  7b(0  is  known  in  the  whole  region  the  equation  (7)  has  the  exact 

solution  [7]: 


r.(0  =  W).^l«(0-OT)^  .  (8) 

Otherwise,  if  T\>{t)  is  known  in  some  limited  region  [a,b],  the  problem  of  retrieval  of  Tuit)  in 
the  region  [c,i],  where  c  <  a,  is  also  the  Volterra-type  ill-posed  problem. 

For  the  sphere  case  (see  item  b),  there  are  different  possibilities  to  choose  the  beam 
geometry,  which  determines  the  form  of  emission  transfer  integral.  The  most  simple  equation 
corresponds  to  the  case  of  radial  directed  (from  sphere)  measurements: 


-CO  R'v47tCl 


y  R{r-R) 


{r-Ry 

4a^{t-x) 


-yir-R) 


dr\ 


dx 


(9) 


More  common  case,  when  a  ray  perigee  radial  distance  (ro  >  /?),  the  radiobrightness  can 
be  expressed  as 


\  t  R(.r~R)  ) 


(r-R) 


.  (10) 


J 


V4rar^  yjr^-ro 


where  Ro  is  the  radial  distance  of  the  receiver.  The  ill-posed  Volterra-type  equations  for  (9) 
and  (10)  are  the  same  as  for  (7).  For  the  equation  (10)  there  is  also  the  possibility  to  formulate 
the  limb-viewing  inverse  problems,  similar  with  refraction  inverse  problems  (see  equations  (1) 
and  (2)  ),  using  the  dependence  Tb(ro}. 

Let  us  consider  the  solution  of  equation  (7)  in  detail  as  a  typical  example  of  ill-posed 
Volterra-type  equations.  If  to  introduce  the  time  parameter  r=l/(yur)\  which  is  a  typical  time 
of  the  heating  of  the  medium  at  the  skin-depth  Zs=l/y,  it  is  possible  to  rewrite  (7)  in  simpler, 
dimensionless  form,  using  dimensionless  parameters  r=tl  F,  p=T/r : 
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3:('-)=  pVp  (11) 

To  solve  such  a  problem  it  is  necessary  to  use  additional  (a  priori)  information  about  the 
exact  solution.  This  information  determines  a  regularization  method.  There  are  various 
approaches,  but  in  the  present  paper  Tikhonov’s  method  of  generalized  discrepancy  is  applied, 
which  uses  the  common  information  about  the  exact  solution  as  a  function  [].  It  is  supposed  in 
this  method  that  the  exact  solution  belongs  to  the  set  of  square-integrable  functions  with 
square-integrable  derivatives.  The  results  of  numerical  simulation  give  us  the  retrieval  accuracy 
at  various  levels  of  the  radiobrightness  error.  It  appears  possible  to  retrieve  the  function  ro(p) 
in  the  range  [clT,blT\  by  measurements  T\,{r)  in  the  range  [alT,blT],  c  <  a,  up  to  values  a-c 
2  -^-5  r  at  measurement  accuracy  about  1%.  The  main  preference  of  Tikhonov’s  method  consist 
of  the  uniform  convergence  of  the  retrieval  error  to  zero  at  mean  square  convergence  of 
measurement  errors.  As  in  all  ill-posed  problems,  this  convergence  is  slower  than  it  is  in  well- 
posed  problems. 

The  numerical  algorithm  of  the  Tickonov’s  method  (the  same  as  in  [6])  was  applied  to  the 
retrieval  of  diurnal  temperature  dynamics  of  soil  by  its  thermal  radio  emission  evolution 
measurements  [8].  The  measurements  have  been  carried  out  using  radiometers  at  wavelengths 
0.8;  3;  9,  and  13  cm  under  metallic  screen  (to  eliminate  the  influence  of  reflection  on  interface 
air-soil).  In  the  Fig.  1  is  shown  an  example  of  retrieval  of  the  surface  temperature  in  time 
interval  jfrom  15^  (r  =  0)  to  12‘’20'”  (r  =  8.25)  next  day  by  measurements  of  radiobrightness  at 
wavelength  3  cm  in  time  interval  fi'om  3’*10’"  (after  midnight)  to  12*'20"'  .  The  parameters 
values  were:  =  0.001  cm"/s,  y  =  0.33  cm\  T  =  2,55  So,  a  =  15^  b  =  12‘'20"‘,  c=3‘‘10"’. 


Figl. 

It  is  possible  to  see  that  the  retrieval  in  the  time  interval  t  >  a,  where  there  are 
measurements  Tbit),  is  very  close  to  contact  measured  dynamics  To(0-  At  c  <  t  <  a  the 
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accuracy  of  the  surface  temperature  history  retrieval  reduces,  but  it  appeared  possible  to 
retrieve  the  process  of  night  surface  cooling.  It  is  clear  that  the  problem  is  more  difficult  for 
retrieval  of  the  thermal  history  than  for  retrieval  of  simultaneous  surface  temperature  dynamics. 

The  retrieval  of  the  surface  temperature  dynamics  permit  then  to  retrieve  the  temperature 
profile  dynamics  in  the  medium  from  the  equation  (4),  and  to  calculate  the  thermal  flux 
evolution  [7]. 

Conclusions 

The  results  of  the  solution  of  various  physical  problems  based  on  Volterra-type  integral 
equation  in  considered  here  ill-posed  formulation  show  that  the  domain  of  definition  of  the 
solution  consist  of  two  very  different  sub-ranges.  The  first  sub-region  (which  could  be  called 
«inner»  )  coincides  with  the  domain  of  definition  of  equations  right  side.  The  second  (outer) 
sub-range  is  located  outside  the  domain  of  definition  of  equations  right  side.  The  approximate 
solution  in  the  outer  region  (as,  for  example,  for  the  considered  here  in  detail  thermal  history 
inverse  problem)  diverges  to  the  exact  one  much  more  slowly  than  in  the  inner  sub-region.  In 
the  inner  sub-region  the  requirements  to  data  accuracy  could  be  very  different  in  different 
physical  problems,  but  always  they  are  less  than  for  outer  sub-region.  Moreover,  in  the  outer 
sub-region  the  retrieval  accuracy  reduces  with  the  distance  to  the  boundary  of  inner  sub- 
region.  Considered  here  new  formulation  solves  the  problem  of  influence  of  unknown  non-zero 
initial  conditions  on  the  solution  of  Volterra  equations.  No  doubt,  there  are  many  possible 
applications  of  this  approach,  which  remain  unmentioned  in  this  communication. 
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REMOTE  SENSING  BY  VLF  USING  "ABSOLUTE  OMNIPAL": 

1.  INVESTIGATION  OF  SHORT  PATH  PROPAGATION  FOR  POSSIBLE  EARTHQUAKE 

PRECURSOR  DETECTION 

R.  L.  Dowden,  J.  B.  Bnindeil,  University  of  Otago,  Dunedin,  New  Zealand 
M.  Hayakawa,  University  of  Electro-Communications,  Chofii,  Tokyo,  Japan 

Abstract  The  latest  versimi  of  the  OmniP  AL  receiver  uses  GPS  to  allow  drift  free  logging 
of  die  phase  and  amplitude  of  phase  stable  transmissions.  Any  drift  in  phase  or  amplitude 
can  then  be  attributed  to  tenqioral  variation  of  the  lower  ionosphere.  In  this  paper,  the  first 
six  weeks  of  data  lo^ed  of  JG2  AS  phase  and  amplitude  at  three  sites  in  Japan  is  examined 
for  perturbaticms.  Two  sources  are  idaitified;  solar  flares  during  daytime  and  hiss-induced 
electron  precipitaticm  during  nighttime.  Both  of  these  sources  have  durations  of  the  order 
of  an  hour  and,  in  principle,  could  be  detected  by  other  means  and  the  LF  effects  allowed 
for.  However,  if  earthquake  precursors  have  mudi  longer  periods  (days),  the  effects  of 
solar  flares  and  electron  precipitation  can  be  ignored. 

VLF/LF  Receivers 

OmniPAL.  The  OmniP  AL  VLF/LF  receiver  craisists  of  a  special  DSP  card,  software  which  is  the 
heart  of  the  receiver,  and  various  ancillaries  \sdiich  may  be  user  supphed.  “Omni”  means  that  “all” 
modulations  can  be  decoded.  Currently  these  are  MSK  (Minimum  Shift  Keyed),  CW  (Carrier  Wave 
only)  and  ICW  (Interrupted  Carrier  Wave  or  On/Off  modulation  including  10  dB  modulation).  Others 
(e.g.  FSK)  are  not  used  by  any  phase  stable  VLF  (<  50  kHz)  transmitters  and  so  are  not  supported. 
The  OmniPAL  VLF  receiver  can  log  up  to  six  transmitters  at  a  time,  logging  phase  and  anq>litude 
(PAL)  with  time  resolutions  ranging  fr<»n  50  ms  to  60  s.  Special  techniques  (see  Section  2.  “Validation 
Procedures”  in  Dowden,  et  al,  1994)  make  OmniPAL  almost  insensitive  to  sferics.  Measurement  of 
the  phase  and  amplitude  perturbatiois  (Trimpis)  enables  calculation  of  the  phase  and  amplitude  of  the 
diffracted  wave  [Dowden  and  Adams,  1988].  If  this  is  d(Mie  at  two  sites  simultaneously,  the  directicai  of 
arrival  of  the  scattered  wave  can  be  found  [Dowden  and  Adams,  1990].  Measurement  of  the  phase  and 
amplitude  perturbations  at  all  time  points  from  onset  to  ultimate  decay,  and  the  transformation  of  these 
to  scatter  phase  and  anqilitude,  can  be  used  to  identify  the  plasma  formed  by  a  “Red  Sprite”  vriiich 
exhibits  scatter  amplitude  decay  with  the  logarithm  of  time  [Dowden  et  al,  1997;  Dowden  and  Rodger, 
1997].  The  scatter  phase  variation  (Doppler  shift)  during  decay  may  be  due  to  high  altitude  (60  -  80 
km)  winds  [Dowden,  1996]. 

For  MSK  transmissions,  phase  and  an:5)litude  at  both  MSK  frequencies,  50  or  100  Hz  apart,  are  logged 
separately.  Measuremoits  of  all  four  perturbations  arable  calculation  of  the  arrival  delay  of  the 
scattered  wave  relative  to  the  direct  wave  from  ftie  transmitter  [Adams  and  Dowden,  1990].  In 
principal  this  allows  location  of  the  source  of  the  VLF  perturbatim  [Dowden  and  Adams,  1 993] . 

In  its  basic  form,  OmniPAL  requires  a  stable  frequency  standard  (5  MHz).  For  Tiinqji  studies  this 
would  need  to  be  stable  to  at  least  1  part  in  10^8.  This  would  keep  the  phase  drift  of  a  20  Idiz  signal  to 
within  5  degrees  per  minute  —  more  drift  than  this  would  seriously  degrade  phase  measurement  of 
Trinqris.  Such  stability  can  be  provided  by  a  well-aged,  temperature  cmitrolled  quartz  standard.  To 
measure  departures  in  phase  of  a  few  degrees  over  days,  mcmths,  or  evoti  years,  requires  a  frequaicy 
stability  of  a  million  times  better  than  this  (1  part  in  lO'^M)  wAich  is  beyond  the  ability  of  even  Cesium 
standards  and  certainly  beyond  the  financial  reach  of  researchers  requiring  a  network  of  receivers. 
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AbsPAL.  The  AbsPAL  VLF  receiver,  an  extension  of  the  OmniPAL  receiver,  gets  around  this 
difficulty  with  an  all-up  cost  of  about  US$5000.  The  AbsPAL  still  has  all  of  the  good  features  of 
OmniPAL  for  Trimpi  studies  as  described  above,  as  well  as  logging  the  phase  of  VLF  and  LF  signals  as 
a  time  independent  absolute.  This  means  that  if  the  received  phase  of  a  perfectly  stable  transmission  is 
(say)  121  degrees  now,  the  recMved  phase  will  still  be  121  degrees  in  a  year’s  time,  evai  if  the  AbsPAL 
receiver  is  turned  off  many  times  for  extaided  periods,  intentiwially  or  by  accidoit. 

Clearly  this  requires  that  both  the  VLF/LF  transmitters  and  the  AbsPAL  receivers  be  locked  to  the  same 
world  time  standard  as  is  now  disseminated  by  GPS. 

AbsPAL  achieves  this  in  the  following  way.  A  “Service  Unit”  caitains  a  quartz  oscillator  inside  a  small 
box  having  a  thermal  time  constant  of  about  30  minutes.  The  10  MHz  ou^ut  syndiesises  30  kHz  and 
30.1  kHz.  The  GPS  Ipps  pulse,  whidt  arrives  within  1  ps  of  true  time,  resets  (zeros)  all  the  dividers 
and  so  the  phase  of  the  30  kHz  and  30.1  kHz  signals  every  second.  These  frequencies  need  to  be 
accurate  to  only  1  in  10®. 

The  AbsPAL  software  can  synthesise  several  frequencies  at  once  which  are  multiples  of  1  Hz.  On 
startup  it  reads  the  batch  file  to  find  which  frequencies  are  required  by  the  user  (which  must  include  30 
kHz),  then  waits  for  die  GPS  Ipps  to  set  the  phase  of  all  these  frequencies  to  zero  at  the  GPS  pulse. 
Although  the  latter  can  be  up  to  Ips  early  or  late  with  respect  to  true  Universal  Time  (UT),  implying  a 
phase  error  of  up  to  15  degrees  at  40  kHz  (JG2AS),  any  such  error  is  removed  as  follows.  A  software 
phase  locked  loop  (PLL)  locks  AbsPAL  to  the  phase  of  the  30  kHz  fix>m  the  Service  Unit.  This  PLL 
has  a  bandwidth  of  initially  1  Hz  or  reciprocal  bandwidth  (RBW)  of  1  s.  At  every  later  second  the 
RBW  is  increased  by  1  s  so  diat  after  1000  s,  the  PLL  bandwidth  is  only  1  mHz.  Eventually,  the  RBW 
reaches  the  value  set  by  the  user  in  the  batch  file  (such  as  30  minutes  or  1800  s)  and  remains  at  that 
value.  Averaged  over  this  period  the  GPS  time  error,  and  so  the  30  kHz  phase  error  is  very  small,  and 
in  any  case  is  absolutely  drift  free.  All  the  frequmcies  synthesised  by  AbsPAL  are  “gear  wheeled”  (like 
clockwork)  to  this  30  kHz. 

Generation  and  logging  of  the  30.1  kHz  might  seem  to  have  no  purpose  since  both  its  phase  and  that  of 
30  kHz  “must”  be  near  to  zero.  However,  if  the  GPS  signal  is  removed  from  the  Service  Unit,  the  phase 
locking  stops.  If  returned  many  minutes  or  hours  later,  and  if  AbsPAL  is  not  then  restarted,  the  30.1 
kHz  will  probably  not  have  the  same  phase  as  30  kHz.  Should  this  happai,  a  correction  calculated  frc«n 
the  phase  difftr^ce  can  be  applied  to  die  data  at  analysis  time. 

Investigation  of  Short  Path  Propagation  of  the  JG2AS  Transmission 

The  first  AbsPAL  VLF  receivers  were  designed  and  built  under  contract  to  NASDA  (the  Japanese 
NAticmal  Space  Development  Agaicy)  for  research  into  possible  VLF  precursors  to  earthquakes.  Three 
of  the  five  provided  were  installed  in  S(^ptember,  1997,  at  the  sites  shown  on  the  map  in  Figure  2.  The 
first  six  weeks  of  data  from  these  three  are  discussed  here.  These  data  used  the  Japanese  time  and 
frequeicy  transmitter,  JG2AS  (40  kHz,  IkW  radiated  power)  whose  location  is  also  shown  cm  that  map. 
The  distances  to  each  of  the  AbsPAL  receivers  from  JG2AS  are  800  km  (Sapporo),  170  km  (Shimizu) 
and  600  km  (Kodii).  The  JG2AS  signal/noise  ratio  was  best  at  Sapporo  and  worst  at  Shimizu.  This 
was  due  to  the  high  noise  environment  at  the  Shimizu  site  whidi  was  only  some  200  m  from  a  large  4  x 
3-phase  EHT  power  transmission  line. 
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Figure  1  shows  the  diurnal  variaticai  of  the  phase  (lower  set)  and  amplitude  (upper  set)  of  JG2AS 
observed  at  Sapporo.  This  consists  of  38  superimposed  traces.  The  strange  appearance  of  the 
amplitude  trace  is  due  to  many  random  transmission  gaps  by  JG2AS  usually  lasting  a  few  minutes  and 
occurring  a  few  times  per  day.  This  is  not  the  regular  On-Otf  Keying  (OOK)  for  time  code 
transmission  vdiich  AbsPAL  is  designed  to  cope  with.  The  data  have 


hours,  UT 


Figure  1.  Superposition  of  38  days  of  phase  (lower  set)  and  amplitude  (upper)  variation  of 
the  JG2AS  signal  received  at  Sapporo.  The  arrow  at  02:47  marks  the  largest  of  many  solar 
flare  effects  during  the  38-day  period.  Local  noon  in  Japan  is  at  about  0300  UT.  The 
inverted  U-shaped  windows  mark  the  periods  used  to  calculate  the  daytime  and  nigjittime 
means  shown  in  Figure  2. 


been  filtered  by  MATLAB  to  remove  all  rows  (20  s  apart)  for  which  the  amplitude  dropped  below  35 
dB  (rendering  the  phase  meaningless),  hence  the  cutoff  in  Figure  1 . 

Similar  traces,  but  noisier,  were  obtained  at  Kochi.  At  Shimizu  the  noise  was  generally  (it  varied  from 
day  to  day)  too  great  for  meaningfiil  measurements. 

A  large  solar  flare  occurred  cm  the  UT  day  267  (24  September,  1997).  This  began  at  02:47  UT,  only 
about  10  minutes  before  local  noon  in  Japan,  increased  to  maximum  within  four  minutes  and  thai 
decayed  to  zero  in  about  one  hour.  Further  details  cm  this  flare  can  be  obtained  on  the  WWW  at 
ftp://uleth.ca/pub/solar/1997/.  The  perturbation  in  phase  and  amplitude  of  the  JG2AS  signal  is  clearly 
sem  at  Sapporo  (see  double  headed  arrow  in  Figure  1)  where  the  phase  perturbation  was  65  degrees  and 
the  ampltpiHfl  perturbation  was  4.2  dB.  At  Kochi,  the  perturbations  are  less  obvious  but  measurable  as 
33  degrees  in  phase  and  6.4  dB  in  amplitude  (the  ordinate  scale  in  Figure  1  is  in  degrees  for  phase  and 
in  dB/8  for  amplitude).  At  Shimizu,  the  perturbaticms  are  lost  in  the  noise. 
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One  would  expect  the  effect  of  the  flare  on  the  lower  itmosphere  to  be  uniform  over  Japan.  If  we 
ejqjress  all  perturbaticms  in  terms  of  ratios  (phase  in  radians,  amplitude  normalised  to  the  unperturbed 
anq)litude)  the  magnitude  of  the  total  perturbatiwi  is  approximately  givoi  by  the  square  root  of  the  sum 
of  the  squares.  Thus  the  magnitude  of  the  flare-induced  perturbaticai  measured  at  Sapporo  is  within 
about  10%  of  that  at  Kochi  and  so  essaitially  the  same  within  the  approximations  and  errors  involved, 
though  the  Kochi  amplitude  perturbation  is  nearly  four  times  the  Kochi  phase  perturbation  in  these  ratio 
units,  while  the  amplitude  and  phase  amplitudes  are  about  equal  at  Sapporo.  This  is  due  to  modal 
interference  —  the  phase  differaice  between  the  dominant  modes  may  be  decreased  by  the  solar  flare 
modification  of  the  icaiosphere  (lowering  the  effective  LF  reflection  altitude)  thus  increasing  the  received 
amplitude.  In  any  case,  vnhatever  the  reasrai  for  this,  an  earthquake  precursor  may  effect  the  ionosphere 
the  same  way  so  both  phase  and  amplitude  perturbations  should  be  measured  to  calculate  the  total 
perturbation. 

Careful  inspection  of  the  traces  in  Figure  1  during  the  times  around  local  noon  (23  UT  to  07  UT)  show 
many  smaller  perturbatirais  having  the  characteristic  ihape  of  solar  flare-induced  perturbations  (“flare 
trimpis”?)  —  fest  up,  slow  down.  The  periods  indicated  in  Figure  1  by  the  inverted  U  shapes  are  those 
used  for  finding  the  “daytime”  and  “nighttime”  average  for  each  day  to  be  discussed  later.  Note  that  the 
relatively  frequent  solar  flares  will  have  a  significant  efffect  on  the  day  to  day  variation  of  the  daytime 
averages.  If  we  assume  that  solar  flares  affect  the  daylit  icxiosphere  uniformly,  it  might  be  possible  to 
remove  the  flare  effects  from  the  phase  and  amplitude  data  later. 

On  the  other  Hanrf  the  nighttime  means  cannot  be  directly  affected  by  solar  flares,  though  maybe 
indirectly  via  electron  precipitation  with  a  delay  of  a  few  days.  The  Sun’s  steady  XUV  is  by  far  the 
dominant  source  of  ionisation  of  the  lower  ionosphere,  and  so  of  the  LF  reflection  altitude,  during  the 
day.  Thus  one  would  e^qject  that  the  ni^ttime  JG2AS  phase  and  amplitude  means  would  be  a  sensitive 
measure  of  the  much  weaker  causes  of  ionospheric  modification  such  as  cosmic  rays,  electron 
precipitation  and  earthquake  precursors.  Of  these,  the  slowly  varying  (months)  cosmic  ray  flux  would 
effect  the  lower  ionosphere  uniformly  over  vast  areas.  Electron  precipitation  and  presumably) 
earthquake  precursors  effect  the  lower  ionosphere  over  small  areas  having  lateral  dimensions  of  100  km 
or  so.  As  seen  in  Figure  1,  the  day  to  day  ni^ittime  means  are  likely  dominated  by  large  perturbations 
having  a  duration  of  a  few  hours.  Earthquake  precursors  are  supposed  to  develop  over  a  few  days.  Mid 
latitude  hiss  bursts,  which  are  thought  to  result  in  electron  precipitation,  have  similar  durations  to  those 
observed  in  Figure  1  [Dowden,  1962].  Witii  continuous  recording  of  hiss  at  two  or  three  sites  (for 
location),  it  might  be  possible  to  remove  electrwi  precipitation  effects  from  the  nighttime  phase  and 
amplitude  data  later. 

Figure  2  shows  the  phase  and  an:q)litude  means  during  daytime  and  (except  fijr  Shimizu)  nighttime.  No 
attempt  has  been  made  to  “correct”  the  data  for  solar  flare  or  electron  precipitation  effects.  In  feet,  the 
effect  of  the  solar  flare  on  Day  267  is  clearly  seen  in  the  Sapporo  data  and,  less  clearly,  in  the  Kochi 
data.  Trends  such  as  the  slow  increase  in  the  JG2AS  phase  means  at  Shimizu  and  (less  clearly  due  to 
gap)  at  Kochi  may  be  an  earthquake  precursor  (no  earthquake  data  was  available  at  the  time  of  writing). 
If  this  slow  change  over  many  days  is  typical  of  earthquake  precursors,  we  can  probably  ignore  the 
effects  of  solar  flares  and  electrcai  precipitaticai  which  vary  randomly  from  day  to  day. 
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Davtime  means  Nighttime  means 


Julian  Day  number  (2  September  - 12  October) 


Julian  Day  number  (7  September  - 12  October) 


Figure  2.  Phase  and  amplitude  means  during  daytime  and  (excqrt  for  Shimizu)  ni^ttime. 
The  panels  show  the  means  for  Sapporo  (top),  Shimizu  (middle)  and  Kochi  (bottom)  in 
the  same  order,  north  to  south,  as  the  site  posititms  shown  m  the  map.  The  phase  means 
(in  degrees  on  left  hand  scales)  are  shown  as  asterisks  (*)  and  die  an^litudes  (rigjit  hand 
scales)  as  circles  (o).  Gaps  in  the  panels  for  Kochi  show  data  lost  ushen  the  GPS  signal 
was  accidentally  ranoved. 
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Regularization  of  Maxwell  Equations,  Corner  Singularities  and 

Approximation 
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The  aim  of  this  paper  is  to  describe  different  formulations  for  the  time-harmonic  scattering 
of  electromagnetic  waves,  with  special  emphasis  about  the  consequences  of  the  choice  of 
the  formulation  on  the  finite  elements  discretization.  Despite  the  fact  that  any  solution  of 
the  problem  is  divergence-free,  one  must  take  account  explicitely  of  this  condition,  for  the 
associated  operator  is  not  strongly  elliptic.  Roughly  speaking,  one  may  handle  this  constraint 
either  by  duality  or  by  penalty.  Actually,  the  special  form  of  Maxwell’s  equations  makes 
the  Lagrange  multiplier  a  priori  known,  and  the  solution  independant  of  the  penalization 
coefficient.  An  other  particular  feature  of  the  problem  comes  from  the  low  regularity  of  the 
electromagnetic  field  in  the  vicinity  of  edges  and  conical  points,  from  which  follows  that 
special  care  must  be  taken  of  the  choice  of  the  function  space  for  the  penalty  method. 

1  The  classical  problem 

We  address  the  problem  of  the  scattering  by  a  perfect  conductor,  possibly  surrounded  by 
a  bounded  inhomogeneous  region.  For  the  sake  of  definiteness,  we  only  consider  the  non  dis¬ 
sipative  case.  By  U  we  denote  the  electric  or  the  magnetic  field,  and  by  (  and  (  the  dielectric 
permittivity  and  the  magnetic  permeability  (assumed  real  positive),  the  choice  depending  on 
the  signification  of  U.  In  the  vicinity  of  infinity,  the  medium  is  assumed  homogeneous  and  the 
values  of  the  coefficients  is  denoted  by  Co  and  Co-  In  this  region.  Maxwell’s  equations  write  as 


curl  curl  U  —  k^U  =  0  with  =  uP(o^o  (1) 

where  u>  is  the  pulsation  of  the  incoming  wave  Uj,  and  t/  — 17/  is  subject  to  the  Silver-Miiller 
radiation  condition: 

lim  f  ||curl(17  —  Uj)  An  —  iks{U  —  17/) ||^  ^7  =  0.  (2) 

In  the  whole  exterior  domain  fi,  and  especially  in  the  vicinity  of  the  conductor  we  have 

curl  (C"^  curl  U)  -  =  0,  (3) 

with  one  of  the  following  boundary  conditions, 

U  An  =  0  (electric  field),  or  curl  U  An  =  0  (magnetic  field).  (4) 

1.1  Weak  formulation 

At  least  locally,  the  more  natural  variational  formulation  would  be 

Find  U  €  ,  such  that  W  e  ,  compactly  supported, 

f  (curll7  jcuriy)  C(17|F)  =0,  with 

J  Cl  Jci 
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{Ke  J?,„^(cnrl;f!)|  FAn|r  =  0}  and  JF"  =  if|„^(curl;  !1)  (6) 

It  turns  out  that  the  natural  injection  ^  is  not  locally  compact,  which  leads  to 

tne  choice  of  smaller  spaces,  namely 

e  I  div  =  0}  and  =  {V  €  I  (ff  |n)|r  =  0,  div  =  o}  ,  (7) 

the  constraints  beeing  actually  easy  consequences  of  the  equations  itself.  If  we  denote  by  S  a 
bound^y  surrounding  the  inhomogeneous  region  and  by  fi'  the  bounded  domain  limited  by 
i  and  L,  a  new  formulation  can  be  written  as 

Find  U  e  verifying  (2),  such  that  W  e 

J^CHc^lUlcmlV)  -u^l^^^{U\V)  +Co-'^(curll7An|nA(FAn))d7  =0 

Due  to  the  constraints,  recovering  the  strong  equations  from  the  weak  ones  is  more  difficult 
an  makes  use  of  the  de  Rham  field  decomposition,  in  a  similar  way  as  for  Stokes  equations. 

1.2  Uniqueness 

It  is  a  consequence  of  the  conservation  of  the  incoming  energy  flux: 

F'dD  {U)  ~  (curl  U\U  An)  dj  (9) 

Ztlrr  °n  Uj  =  0,a.U  satisfies  (3)  in  the  vicinity  of  infinity, 

then  AU  +  KU  =  0  Moreover  from  FsniU)  =  0,  and  the  radiation  condition  it  follows  that 
limn  J  \\U\\  dj  -  0,  and  from  Rellich’s  [5]  theorem,  that  =  0  in  the  vicinity  of 

theorem  of'Je]  ^  ^  ^  ^  consequence  of  the  unique  continuation 

1.3  Reduction  to  a  bounded  domain 

A  complete  formulation  must  take  properly  into  account  the  radiation  condition  which 
foTmffia ^  boundary  E  via  the  integral  representation 

u  =  ui  +  nf[u]  noi 


nf[U]{x)  -  (Goo(x  -  y)  curl  t/(y)  An^-  curlj,  Goo(x  -  y)  U{y)  A  Uy)  djy  (11) 

where  the  boundary  F  surrounds  the  inhomogeneous  region  and  lies  inside  S,  and  Goo  is  the 
outgoing  Green  matrix  given  by 


■'00  —  yfejl  +  kg  ^Hess  Qk  ,  with  , 


47r||x|| 


Indeed,  let 


TxU  =  cmlU  An  + An  A  (17An)|j 
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then,  one  can  prove  that  for  Jm{Xkg  <  0,  the  following  problem,  set  in  the  bounded  domain 
Ct'  limited  by  F  and  S: 

Find  17'  €  such  that  W  €  ,  aoo{U',V')  ^  ico{V'), 

with 

Hg  =  {V€  F(curl;  n')  div^F  e  L\n'),  F  A  n|r  =  0,  17  A  np  €  L^T.) } 

Hg  =  \ve  £r(curl;  Q')  div^y  G  L\n'),  {V  |n)|r  =  0,  y  A  n|s  G  1^(2)  | 


and 


aooiU'X)  =  [  r'MC/'|curiy')  ^{U'\V') 

Ja'  Jq.' 

+Co"'a  f  (u'Anjy'An)  dj  - Co“'  /  {Txnf[u']\r)  dj, 
Jt,  7s 

un  =Co“'  /  (rAi77|y')d7, 

J  5j 

has  one  and  only  one  solution:  U'  =  U\q,i,  if  and  only  if  (8)  has. 


(13) 

(14) 


(15) 


1.4  Existence 

Prom  the  equivalence  between  (8)  and  (13),  uniqueness  for  the  reduced  problem  follows 
from  uniqueness  for  (8).  As  problem  (13)  is  set  in  a  bounded  domain,  via  Fredholm  alterna¬ 
tive,  the  existence  of  U'  is  an  easy  consequence  of  the  regularity  of  the  Green  function  outside 
zero  and  the  local  compactness  result  of  Weber  [7];  the  existence  of  U  follows. 

This  result  is  only  interesting  from  a  theoretical  point  of  wiew,  as  divergence-free  finite 
elements  are  rather  untractable;  it  is  the  reason  why  other  formulations  must  be  sought. 


2  The  regularized  problem 

An  easy  way  for  making  A  =  curl  curl  C/  a  strongly  elliptic  operator  is  to  replace  it  by 
At  =  A  —  f^graddivf/;  actually  if  we  denote  by  the  variables  in  the  Fourier  space,  we 

obtain  det  At  =  (Sf=i  ^  generalization  of  this  idea  to  inhomogeneous  media  leads 
to  replace  Maxwell’s  equations  by 

curl  (C"^  curl  C/)  - 1  grad  (r"!  div  ^U)  -  =  0,  (16) 

where  the  function  r  is  an  arbitrary  positive  real  datum.  In  the  vicinity  of  infinity  equation 
(16)  takes  the  simplified  form 

curl  curl  U  - grad  div  U  -  kjU  =  0  with  =  Tif^Co  ICoP  >  (17) 

similar  to  linear  elasticity,  which  can  be  written  as 

fi  curl  cml  U  ~-{\  +  2fi)  grad  div  U  -  oj^pU  =  0. 

As  a  consequence,  two  sorts  of  waves,  namely  s  —  and  p  —  waves,  are  carried  by  (17),  and 
the  associated  radiation  condition  takes  the  following  form: 

lim  /  ||curl{7  A  n  —  A  (17  A  n)||  dq  =0 

(18) 

lim  f  ||div  U  -  ikp  {U  |n)||  dq  =  0  with  kl  =  tkl 
JdBn 
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The  boundary  conditions  must  be  also  completed;  choosing  condition  div  U\y  =  0,  which  is 
natural  for  the  electric  field,  and  is  a  consequence  of  curl  17  A  ra|r  =  0  and  (U  |n)|p  =  0  for 
the  magnetic  field,  will  actually  make  p  -  waves  disappear  and  (16)  be  equivalent  to  (3),  as 
we  shall  see  later. 

2.1  Weak  formulation 

For  irregular  coefficients,  the  meaning  of  (16)  is  dubious,  consequently,  we  only  consider 
the  weak  form  in  the  non-homogeneous  region: 

Find  U  G  ,  verifying  (18),  such  that  W  G 

[  (curlUjcurlF)  +  /  r“Miv^l7  divfF  /  ?(17|F)  ..f,. 

Jo.'  Jq.'  Jn'  (19) 

[  {cmlU  An\nA{V  An))  dj  f  divU  in\V)  =0 

7s  7s 

where 

=  (H|»)|r  =  0,  av|F€iL(fi)}.  ™ 

2.2  Uniqueness 

The  energy  flux  is  now 

FdoiU)  —  J  (C~^(curl  17|17  A n)  - r'^div^C/ (ni^C/))  dj.  (21) 

We  remark  that  a  solution  of  the  homogeneous  problem  (19)  satisfies  (17)  in  the  vicinity 
of  infinity,  and  consequently  that  A(p  +  =  0  for  v?  =  div  17.  As  FdBR{U)  =  0,  then 

lim/j_>oo  JdBji  ~  0,  and  div  U  =  0  from  Rellich’s  theorem.  The  previous  proof 

shows  now  that  17  =  0  in  the  vicinity  of  infinity,  and  in  the  whole  domain  by  unique 
continuation. 

2.3  Reduction  to  a  bounded  domain 

The  integral  representation  formula  reads  now  as 

u  =  Ui  +  nUu]  (22) 


7?-^ [17] (x)  —  f  Gt{x  —  y)  (curl  U{y)  A  Uy  +  t  ^Uy  div  U (y))  d-jy 

*/  jP 

~  ~y)^ (y)  ^  J  (divj,  (Gt(a;  -  y))^  (17 (y)  |n)  dy 


where 


=  9k J  +  k^  ^Hess  {gh,  -  Qk^)  , 
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whose  singularity  at  the  origin  is  only  r  whereas  it  was  r  ^  for  the  classical  problem.  Let 

iV^I7  =  divl7  +  i/(C/|n)|s,  (25) 

similarly  we  can  prove  that  for  and  3m{vk~'^)  <  0,  the  reduced  problem 

Find  U'  €  Hr^^,  such  that  W  €  Hr'^,  a^(!7',  V)  =  ir{V')  (26) 

with 

7f^  =  {yeil(curl;n'l  div^yeL2(f^'),  l^Anr  =  0,  (F In)^  €  L2(s)} 

H?  =  {ve  F(curl;f]'  |  div|F  e  L\Q!),  {V  |n)r  =  0,  F  A  n|s  €  l2(E),  {V  |n)s  €  } 

(27) 


and 


iU'X)  =f  rUcurli7'|curlF')+r-Miv^l7'diveF'  -0)2  ^ 

Jci'  Jii' 

f  (A({7' AnlV' An) +t~^i/(t/''|n)  (y'|n))  dj 

Jf  (28) 

-Cq-^  /  {{TxUUU']  |F')  +t-i  {N^n^U']  |V'))  d7 

Jt, 

4(^0  -  Co”'  /  [iTxU:  |F')  +f-^  {KUi  |y'))  d7 

JT. 

is  well-posed  and  equivalent  to  (19). 

2.4  An  alternative  choice  of  spaces 

When  the  coefficients  C,  and  r  are  regular  enough,  Costabel  [3]  has  shown  that 

6(17',  V)  =  [  (curl  U'  |curl  V' )  +  t~^  div^U'  div 

Jq' 

is  coercive  on  {V  6  H^{Q,')  \  V  A  n|rus  =  0}  and  on  Iv  G  {V  |n)|py2  ~ 

which  we  deduce  that  (28)  is  well-posed  on  ,  with 


=  {V  \  FAnr  =  0} 

=  {V  eH^{9!)  \  (F|n)r  =  0}. 


(29) 


Such  a  result  is  meaningful  when  Q!  is  not  regular  nor  convex,  as  in  this  case  % 

if  (curl;  fl')  n  if  (div;  fl');  it  proves  that  the  solution  of  (28)  can  be  approximated  by  ff^  - 
conforming  elements  only  when  Q'  is  regular  or  convex. 


2.5  Classical  versus  regularized 

Consider  first  the  solution  17  of  (19),  following  [2]  choose  any  /  G  L'^{QI)  and  put  V  = 
gradyj,  where  (p  is  the  solution  of  div(^grad<;?)  =  /  in  fl'  with  i^|rus  (electric  field)  or 
dip/dn\Y  =  0  and  =  0  (magnetic  field).  Let  V'  a  truncation  fimction  identical  to  1  in  the 
vicinity  of  F,  and  to  0  in  the  vicinity  of  S,  let  U'  =  ipU  and  17"  =  (1  —  ip)U  =  U  —  U' .  As 
V  G  ,  we  deduce  from  (19)  that  V/  G  L^{Cl'), 

f  if'  f  =(j?  f  ^  (17|grad(/?)  [  (grad div  17"  | grad </?) ,  (30) 

jQ'  Ja'  Jci' 
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where  ip'  —  r~^  div^U'.  Consider  now  the  —  solution  tp  of 

f  ^  (grad  ^  I  grad  (^")  = /  {^U\gradip")  f  (graddivi7"  |gradv?") , 

(31) 

where  (^|ruE  =  V’jruE  ^  ®  (electric  field)  or  ^|s  =  =  0  (magnetic  field)  and  take  ip"  =  ip, 

we  obtain  thus 

f  ipAip  =<J^  f  ^(l7|grad(/3)  f  (grad  div  17"  |grad  (^ )  .  (32) 

Jn'  Jw  Jo.' 

Prom  (30)  and  (32)  we  deduce  that  ip'  =  (pE  and  then  firom  (31)  tha^r"^  div|gradv7'+ 

u'^ip'  =  0  in  and  ^|p  =  0;  as  a  consequence  ip  e  ^\v  ^  0  and  div^grad  = 

0  in  the  whole  domain  By  the  integral  representation  formula  (22),  we  show  that  ip  satis¬ 
fies  the  outgoing  radiation  condition,  and  thus  vanishes  by  Rellich’s  theorem;  the  solution  of 
the  regularized  problem  is  thus  identical  to  that  of  the  classical  one. 

Such  a  proof  is  not  valid  for  the  alternative  choice  of  spaces  for  the  singular  case,  for 
gradi^  ^  V/  6  consequently  div|17  0  i7ioc(^^)  and  does  not  necessarily  vanish. 

2.6  A  singular  field  method 

For  the  sake  of  simplicity,  let  us  consider  the  case  where  the  coeeficents  and  the  artificial 
boundary  S  are  regular.  By  we  denote  the  space  of  singular  functions  of  the  Laplacien, 
which  is  of  finite  dimension,  i.e. 

=  {ip  e  Hq{Q')  I  3/  e  A/"®,  (gradv?  |gradV>)  +  (/  |t^)  =  0,  G  }  ,  (33) 

J\f^  beeing  any  closed  supplementary  of  the  range  of  A,  considered  as  an  unbounded  operator 
with  domain  Similarly,  let 

-  [ipe  Ho{0,')  I  3/  €  77^,  (grad:/?  [grad 7;)  -|-  (/ 1-^)  =  0,  €  H{0,') }  ,  (34) 

where  H{Q,')  =  {</?  6  H^(O')  |  ^|e  =  0  }  and  A/"^  is  any  closed  supplementary  of  the  range  of 
A  with  domain  H{Q,')  D  Bonnet  et  al.  (see  also  [1]  and  [4])  have  shown  that 

77f/^  =  £^/^©grad5®/^  (35) 

Problem  (26)  can  thus  be  written  as 

Find  U'  =  P'  +  gradtp  G  ©  grad 

such  that  W  =  0'  +  grad  V"  G  ©  grad  (36) 

ariU',V')=£r{V') 

where  P'  and  Q'  G  can  be  approximated  by  standard  -  conforming  elements  even 
for  non-regular  O'. 
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The  paper  reviews  basic  ideas,  goals  and  structure  of  the  System  of  Under-Satellite 
Ionospheric  Sensing  (SUISX  which  is  currently  under  develqjment  within  &e  h-amework  of  research 
project  “Warning”.  The  team  of  principal  developers  of  this  system  is  with  the  IRA  NAS  in  Kharkov, 

It  is  supposed  that  SUIS  will  be  based  on  two  sub-systems  (SS),  namely.  Monitoring  and 
Calibration.  The  output  data  of  both  SS  will  be  first  transferred  to  and  processed  at  the  Central 
Terminal  of  Ground  Data  Processing  (CTGDP),  and  further  transmitted  to  the  Center  of  Scientific 
Data  Processing. 

In  the  fiamework  of  the  Monitoring  SS,  four  observatories:  West,  South,  East,  and  Antarctic, 
are  planned  to  be  built.  They  will  be  equipped  with  identical  radio  physical  instruments  in  4  radio 
frequency  bands  and  with  preliminaiy  processing  terminals  (PPT).  Such  a  concept  of  the  ground-based 
system  is  recognized  to  be  the  most  economic,  reasonably  corresponding  to  the  existing  research 
background  and  experience,  and  will  provide  a  sensing  of  the  whole  ionosphere  in  the  interval  of 
heights  fi'om  50  km  to  1000  km.  After  a  preliminary  processing  at  the  observatories,  file  data  streams 
will  be  transferred  to  CTGDP. 

About  the  research  goals  of  SUIS,  the  following  should  be  mentioned.  The  Monitoring  SS  is 
planned  to  work  in  a  ccsitinuous  routine  regime.  It  will  be  put  into  qjeration  half  a  year  before  placing 
the  satellite  into  orbit. 

The  other  SS  of  SUIS,  Calibration  one,  will  involve  all  existing  active  radio  S3^ems  in 
Ukraine  that  are  purposed  at  the  ionospheric  sensing.  It  will  work  only  according  to  a  special  timetable 
based  on  the  satellite  passing  and  on  the  international  geophysical  calendar.  As  all  the  equipment  of 
this  SS  operates  with  powerful  transmitters,  its  work  requires  significant  expenses  and  resources.  The 
data  fi'om  this  SS  also  are  gathered  at  CTGDP.  SS  Calibration  is  purposed  at  the  calibration  of  the 
satellite  sensors  and  the  sensors  of  the  Monitoring  SS.  The  diagrams  showing  the  coimections  of  its 
equipment  with  the  ionospheric  and  other  sensors  of  satellite  will  be  presented.  Integration  of  the  data 
of  this  SS  with  the  other  data  of  the  whole  SUIS  will  make  it  possible  to  model  ionospheric 
phenomena,  extract  the  seismic  precursors  and  carry  out  the  data  interpretation.  Here,  it  is  supposed  to 
arrange  an  exchange  of  data  with  all  major  centers  of  ionospheric  sensing.  Using  the  foreign 
observatories  for  the  under-satellite  sensing  is  possible;  the  needed  agreements  have  been  obtained 
fi'om  many  of  them.  This  will  naturally  require  a  direct  link  to  Internet  from  CTGDP. 

Now  consider  a  plarmed  strategy  of  the  SUIS  output  data  processing  (SIDP).  Here,  two 
blocks  can  be  separated:  processing  the  Monitoring  data,  and  the  Calibration  one.  The  system  of  the 
data  processing  should  be  integrated  with  all  the  data  streams  fi'om  the  observatories  through  PPT, 
calibration  equipment,  world  ionospheric  observatories,  and  global  data  center.  The  SUIS  data 
processing  is  planned  to  be  three-level  one:  sensor  -  PPT  -  CTGDP.  A  sensor  transforms  the  streams 
of  radio  data  into  radio  physical  parameters,  PPT  determines,  at  every  location,  the  background  levels, 
makes  archiving  and  storage  of  data,  extracts  the  anomalies,  and  sends  the  latter  to  CTGDP.  The 
Center  compares  the  data  of  all  the  PPT  and  Calibration  SS,  and  saids  them  to  CPSD  in  terms  of  real¬ 
time  and  modeling  r^resentations. 

Making  up  a  decision  about  a  seismic  warning  then  is  done  as  follows.  At  PPT,  the  “Zero” 
(Calm)  level  correspcxids  to  the  absence  of  anomalies  detected  by  sensors;  level  “One”  (Suspicion) 
implies  an  anomaly  detected  by  a  single  sensor;  level  “Two”  (Trouble)  means  a  correlated  in 
fi'equencies  and  routes  anomalies  in  several  parameters.  This  informatitxi  is  sent  from  PPT’s  to 
CTGDP.  There,  the  level  “Three”  (Alarm)  is  initiated:  correlated  in  time,  space  and  fi'equency 
anomalous  variations  of  physical  paramrters  detected  by  different  observatories  and  SUIS. 
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Introduction 

In  recent  years,  we  have  been  interested  in  bringing  the  concept  of  fractional  calculus  and 
the  theory  of  electromagnetism  together  [1-7],  and  to  develop  an  area  in  electromagnetics  which 
we  are  naming  Fractional  Paradigm  in  Electromagnetism.  The  field  of  fractional  calculus 
addresses  mathematical  operations  involving  differentiation  and  integration  to  arbitrary  non¬ 


integer  real  or  complex  orders  ~  operators  such  as 


d^’fjx) 

dx'^ 


where  v  can  be  a  non-integer  real  or 


complex  number  [see  e.g.,  8].  In  other  words,  in  this  field  the  operators  that  are  so-called 
“intermediate”  cases  between  the  integer-order  differentiation  and  integration  are  addressed  and 
studied.  The  electromagnetic  theory,  on  the  other  hand,  is  a  classical  field  in  which  the  usual 
differential  and  integral  operators  are  commonly  used.  So  it  is  interesting  to  explore  what 
possible  applications  and  physical  implications  one  would  find  if  one  brought  the 
fractionalization  of  operators  and  electromagnetism  together.  In  our  earlier  work,  we  have 
applied  the  concept  of  fractional  calculus  in  certain  electromagnetic  problems,  and  have  obtained 
some  interesting  results  demonstrating  some  salient  features  and  potential  applications  of  these 
operators  [1-7].  Inspired  and  motivated  by  our  earlier  work  in  application  of  fractional  calculus 
in  electromagnetism,  we  have  also  been  interested  to  explore  fractionalization  of  some  other 
operators  commonly  used  in  electromagnetic  problems  and  to  search  for  potential  applications 
and  physical  meanings  of  such  fractionalization  of  linear  operators  in  electromagnetism.  We 
recently  introduced  the  concept  of  fractionalization  of  the  cross-product  and  the  curl  operators 
[1,2]  and  showed  that  such  operators  can  provide  us  with  fractionalization  of  duality  principle  in 
electromagnetism  [1]. 

In  this  paper,  we  provide  a  brief  overview  of  some  of  our  ideas  and  recent  work  in  this 
area  and  discuss  some  of  the  salient  features  of  the  results  obtained  in  our  analysis.  The 
interested  reader  is  referred  to  our  work  reported  in  [1-7]  for  more  details.  Before  we  give  this 
overview,  for  the  sake  of  easy  reference  we  first  give  a  brief  summary  of  some  of  the  definitions 
of  fractional  integrals  and  derivatives  that  have  been  utilized  by  mathematicians  over  years. 


What  is  Fractional  Derivative/Integral? 

Fractional  calculus  is  a  branch  of  mathematics  that  deals  with  generalization  of  well- 
known  operations  of  differentiation  and  integration  to  arbitrary  non-integer  orders  -  orders  that 
can  be  non-integer  real  or  complex  numbers  [see  e.g.,  8-11].  The  mathematical  idea  of  fractional 
derivatives/integrals,  which  dates  back  to  the  seventeenth  century,  has  been  the  subject  of  interest 
for  many  mathematicians  and  has  seen  much  development  over  the  years  [see  e.g.,  references 
given  in  8,  pp.  3-15].  Fractional  derivatives  and  integrals  are  shown  symbolically  by  some  of  the 
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d^f(x) 

notations  such  as  ^Dlf{x)  [see  Davis,  10]  or  — - —  [see  Oldham  and  Spanier,  8]  where  v 

cl{x  —  a) 

is  the  general  order  of  the  operator  (not  necessarily  positive  or  negative  integer),  and  a  is  the 
lower  limit  of  the  integrals  used  to  define  these  operators  (as  shown  below). 

One  of  the  definitions  of  fractional  integrals  is  that  known  as  the  Riemann-Liouville 
integral  [8,  p.  49;  9,  p.  33].  It  is  the  generalization  of  Cauchy's  repeated  integration  formula. 
Cauchy's  formula  states  that  the  nth-order  (or  n-fold)  integration  of  a  given  function  f(x)  can  be 
written  as 

X  Xn_\  Xi  ^  X 

^D;J(x)  =  jdx^_^  J  dx„_2....lf(xJdXo  =  —^^l(x-ur^f(u)du  (1) 

where  denotes  the  n-fold  integration  with  the  lower  limit  of  the  integrals  being  a.  It  is 

clear  that  (n-1)!  =  r(n)  where  r(- )  is  the  Gamma  function.  Replacing  -n  with  v  which  is  a  non¬ 
integer  negative  number,  the  Riemann-Liouville  integral  for  definition  of  fractional  integration  is 
obtained  [8,  p.  49]  as  follows 

Dlf{x)  = - \{x  -  f{u)du.  forv<0  andx>fl  (2) 

r(-v) i 

For  fractional  derivatives  with  v  >0,  this  definition  can  still  be  used  if  combined  with  the 

d”' 

following  additional  step  ”'/(^)»  for  v  >  0,  where  m  is  chosen  such  that 

dx 

d”' 

(v-m)  becomes  negative  and  thus  Eq.  (2)  can  be  applied  for  Then  — -  is  the 

dx 

ordinary  mth-order  differential  operator  [8,  p.  50]. 

Another  definition  of  fractional  differentiation/integration  was  given  by  Liouville  for 
functions  that  can  be  expanded  in  a  series  of  exponentials.  For  a  function  g(x)  which  can  be 


written  as  g{x)  =  '^Cie“'^ ,  according  to  Liouville  [12],  [8,  page  53]  the  vth-order  fractional 
(=0 

differentiation/integration  (with  lower  limit  a  =  -  oo)  can  be  given  as 


/  \  8{X)  ^  ^ 


There  are  several  other  definitions  for  fractional  derivatives  and  integrals  which  can  be  found  in 
some  of  the  references  on  fractional  calculus  [see  e.g.,  8,  ch.  3].  Fractional  calculus  has  had 
applications  in  various  topics  such  as  differential  equations,  complex  analysis,  Mellin  transforms, 
and  generalized  functions  to  name  a  few.  For  a  historical  review  of  the  field  of  fractional 
calculus,  the  reader  is  referred  to  the  excellent  bibliography  prepared  by  B.  Ross  that  is  reprinted 
in  pp.  3-15  of  the  monograph  by  Oldham  and  Spanier  [8],  and  also  the  historical  outline  given  in 
[9]. 

Our  interest  in  fractional  calculus  has  been  particularly  focused  on  finding  out  what 
possible  mathematical  applications  and/or  physical  roles  these  mathematical  operators  can  have 
in  electromagnetic  theory.  Needless  to  say,  electromagnetics  is  a  field  in  which  the  use  of 
conventional  (integer-order)  calculus  plays  a  major  role,  and  it  is  of  interest  to  see  how  fractional 
calculus  may  offer  useful  mathematical  tools  in  this  field  and  how  these  tools  help  us  to  develop 
the  area  of  fractional  paradigm  in  electromagnetism.  We  have  applied  the  concept  of  fractional 
derivatives/integrals  to  certain  electromagnetic  problems,  and  have  obtained  interesting  results 
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and  ideas  showing  that  these  mathematical  operators  can  be  interesting  and  useful  mathematical 
tools  in  electromagnetic  theory  ([l]-[7]).  Some  of  these  ideas,  which  are  the  steps  in  developing 
fractional  paradigm  in  electromagnetism,  include  the  novel  concept  of  "fractional"  multipoles  in 
electromagnetism  [3],  electrostatic  "fractional"  image  methods  for  perfectly  conducting  wedges 
and  cones  [4],  "fractional"  solutions  for  the  standard  scalar  Helmholtz  equation  [6],  mathematical 
link  between  the  electrostatic  image  methods  for  the  conducting  sphere  and  the  dielectric  sphere 
[5],  fractionalization  of  curl  operator  and  its  role  in  fractionalization  of  duality  principle  in 
electromagnetism  [1,2].  Below  a  brief  review  of  some  of  these  problems  is  given.  Due  to  the 
space  limitation  here,  only  some  of  these  problems  are  reviewed.  The  interested  reader  may  refer 
to  our  work  reported  in  [1-7]  for  further  details  and  for  our  other  findings. 

What  is  our  Fractional  Paradigm  in  Electromagnetic  Theory? 

In  the  mathematical  treatment  of  electromagnetic  theory,  for  any  given  general  problem 
we  often  solve  canonical  cases.  For  example,  if  the  goal  is  to  solve  the  standard  problem  of 
propagation  of  electromagnetic  wave  in  a  source-free  region  we  usually  consider  well-known 
canonical  cases  of  one-dimensional  plane  wave,  two-dimensional  cylindrical  wave,  and  three- 
dimensional  spherical  wave  propagation.  Here  if  we  just  consider  two  of  these  canonical  cases, 
e.g.,  plane  wave  and  cylindrical  wave,  we  can  symbolically  show  the  chart  of  Fig.  1  where  the 
box  entitled  “problem”  is  what  describes  the  general  problem  of  interest  (in  this  example,  the 
wave  propagation  in  free  space),  and  the  two  boxes  “Case  1”  and  “Case  2”  indicate  the  two 
canonical  situations  (in  this  case  plane  and  cylindrical  waves).  Now,  one  can  ask  the  following 
questions: 

Are  there  any  “intermediate”  situations  between  the  two  well-known  cases  represented 
as  canonical  situations  for  the  “problem”?  In  other  words,  as  symbolically  depicted  in 
Fig.  2  can  we  have  fractional  “intermediate”  domains  between  the  two  cases  shown  in 
Fig.  1? 


Fig.  1 


Fractional  (Intermediate)  Paradigm 


Fig.  2 


These  questions  can  be  rephrased  and  interpreted  in  the  following  way: 

If  we  consider  certain  "entity”  whose  properties  (or  identifiers)  depend  on  a  parameter 
with  integer  values,  can  we  still  consider  (or  think  of)  that  entity  when  that  specific 
parameter  takes  a  non-integer  "fractional"  value?  In  other  words,  can  we  conceive  an 
"intermediate"  case  for  that  entity? 

In  order  to  illustrate  this  idea,  let  us  consider  the  following  example:  The  concept  of  multipoles 
and  raultipole  expansion  in  electromagnetic  theory  has  been  well  known  and  studied  extensively. 
Let  us  take  our  “problem”  as,  for  instance,  the  electrostatic  potential  distribution,  and  consider 
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the  canonical  “cases”  as  the  “entities”  of  electric  point-monopoles,  electric  point-dipoles,  electric 
point-quadrupoles,  etc.  These  entities  have  specific  properties.  For  instance,  for  the  static 
electric  point-monopole,  the  scalar  electric  potential  has  the  radial  dependence  of  R-T  The 
scalar  potential  of  electrostatic  point-dipole,  however,  varies  as  R-^  (and  of  course  it  has  an 
angular  variation).  Comparing  the  scalar  potentials  of  these  two  entities,  we  obviously  notice 
that  the  R-dependences  of  these  electrostatic  multipoles  have  exponents  that  are  negative 
integers.  Now  the  above  questions  that  we  posed  can  be  rephrased  as  follows:  Can  we  have  an 
"intermediate"  electrostatic  multipoles  whose  R-dependence  varies  as  R-“  where  a  takes  a  non¬ 
integer  value  between  1  and  2?  If  yes,  how  would  such  a  "fractional"-order  multipole  look  like? 
Of  course,  such  an  "intermediate"  multipole  should  not,  and  cannot,  simply  be  made  by  a  linear 
combination  of  one  point-multipole  and  one  point-dipole  with  appropriate  coefficients.  Because 
if  that  were  the  case,  the  scalar  potential  in  the  distant  region  of  such  a  combination  would  be 
dominated  by  the  potential  of  the  monopole  only,  since  the  static  dipole's  scalar  potential  drops 
faster  than  that  of  the  monopole.  Therefore,  a  specific  charge  distribution  should  be  sought  in 
order  to  have  a  potential  with  R-dependence  of  R'“.  We  have  studied  this  issue  and  have 
introduced  the  idea  of  fractional-order  multipoles  using  the  tool  of  fractional  calculus  [3]  and 
have  shown  that  such  fractional  multipoles  can  be  used  in  describing  potential  distribution  in 
front  of  a  perfectly  conducting  cones  (for  the  3-D  case)  and  perfectly  conducting  wedges  (for  the 
2-D  case)  [4].  We  have  found  the  volume  charge  density  of  a  fractional  multipole  in  3-D  case  as 

^ D'^5{r)  =  ? 5{x)5{y)U{z)-^ — -z’'“ 

^  dz  I  T{2-a) 

(4) 

where  a  is  in  general  a  non-integer  number  between  zero  and  unity,  U(z)  is  the  unit  step  function, 
and  the  multiplicative  constant  where  /  is  an  arbitrary  constant  with  dimension  of  length,  is 
used  here  to  keep  the  physical  dimension  of  this  charge  density  as  Coulomb/m^.  The  subscript 
2“  in  ^(r)  describes  the  multipole  fractional  order  of  this  new  charge  distribution.  This 

subscript  is  chosen  such  that  it  provides  the  right  order  of  multipoles  in  the  limiting  cases  of  a  = 
0  and  a  =  1.  For  a  =  0,  we  get  the  'gomX-monopole  Pi(r),  and  for  a  =  1  we  obtain  the  first  z- 
derivative  of  6(r),  thus  showing  a  charge  distribution  of  dipole  P2(r)  along  the  z-axis.  The 
subscript  z  in  indicates  the  fact  that  we  have  this  charge  distribution  along  the  z  axis 


(resulted  from  the  ath-order  z-derivative  of  the  point-monopole).  We  have  analyzed  the  scalar 
electrostatic  potential  function  of  this  fractional  2“-pole  multipole  [3].  It  can  be  written 
explicitly  as 


,rrfa+i)  , 


for  0  <  a  <  1 


0  <  0  <  71  (5) 

where  Po^(-cos0)  is  the  Legendre  function  of  the  first  kind  and  the  (non-integer)  degree  a.  A 

series  of  contour  plots  in  the  x-z  plane  for  this  potential  for  several  values  of  a,  0  <  a  <  1  is 
shown  in  Fig.  3.  (See  the  caption  for  more  details).  It  is  interesting  to  note  from  Eq.  (5)  that,  as 
predicted,  the  scalar  potential  function  of  the  intermediate  "fractional"  2“-pole  drops  as  R~l~“ 
(with  0  <  a  <  1),  as  R  increases.  Thus,  it  is  a  potential  distribution  that  can  be  regarded  as  the 
"intermediate"  case  between  potentials  of  the  point-monopole  and  point-dipole.  The  angular 
dependence  of  this  potential  is  P^{-cosQ)  with  the  degree  a  which  is,  in  general,  non-integer. 
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Fig.  3.  Contour  plots  for 
the  electrostatic  scalar 

potential  of  2^-pole  charge 
distribution  of  Eq,  (4)  for 
0  <  Of  <  1 .  The  expression 
for  the  potential  is  given  in 
Eq.  (5).  Since  this  scalar 
potential  is  azimuthally 
symmetric,  the  intersection 
of  equipotential  surfaces 
with  the  x-z  plane  is  only 
shown  here.  The  contours 
are  shown  for  the  region 
—  2<z<2  and 

0  <  X  <  2 ,  and  for  six 
different  values  of  a.  For  a 
=  0  (top  left  Panel),  the 
source  is  a  single  electric 
point-monopole  (shown  as 
+)  located  at  x  =  y  =  z  =0, 
and  the  contours  are 
independent  of  0.  For  a  =  1 
(bottom  right  Panel),  the 
source  is  an  electric  point- 
dipole  (shown  at  -h  -) 
located  at  the  origin,  and  the 
angular  dependence  of  the 

potential  is  -cos(0).  For  fractional  values  of  a  between  zero  and  unity,  we  can  see  from  the  above  contour  plots  that 

the  scalar  potential  of  fractional  2^-pole  are  "intermediate”  cases  between  those  of  the  point-monopole  and  point- 
dipole,  and  in  a  way  it  "evolves"  from  one  case  into  the  other.  The  dashed  lines,  which  are  added  later  on  top  of  the 
contour  plots  show  the  approximate  location  of  zero  potential  (root  of  =  0.)  In  the  region  of  x-z  plane 

shown  above,  to  the  left  of  these  dashed  line,  potential  is  positive  and  to  the  right  it  is  negative.  Along  the  positive 
z-axis,  the  charge  distribution  is  also  sketched.  The  plus  and  minus  signs  below  the  z  axis  indicate  the  sign  of  the 
charge  distribution  along  the  z  axis.  (Originally  published  in  N.  Engheta,  “On  Fractional  Calculus  and  Fractional 
Multipoles  in  Electromagnetism,”  IEEE  Transactions  on  Antennas  and  Propagation,  Vol.  44,  No.  4,  pp.  554-566, 
April  1996.  Copyright©  1996  IEEE.) 

We  have  also  addressed  the  case  of  fractional  ‘‘intermediate”  situations  between  the  plane 
wave  and  the  cylindrical  wave  propagation  in  free  space,  have  obtained  “fractional”  solutions  to 
the  standard  Helmholtz  equation,  and  have  found  specific  sources  that  generate  such  intermediate 
fractional  solutions  [6].  Our  results  show  that  for  the  time-harmonic  two-dimensional  electric 
current  distribution  described  in  the  Cartesian  coordinate  system  as 

J(x,y;  t)  =  ~  (6) 

where  0  <  a  <  1,  the  z-component  of  the  radiated  electric  field  in  the  far  zone  can  be  expressed, 
for  0  not  being  too  small,  as 
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E(x,y;k) 

“  Hp»l 


4n 


•C05 


ik^-  rlc/4 


^ik\x\ 


4rrfaj  (k\y\)' 


(7) 


where  p  =  ■/?+? .  6  =  sin~l(y/x),  and  k  =  cay/ps  .  For  0=  0  when  the  observer  is  along  the  x 
axis,  another  expression  is  obtained  for  [see  Ref.  6],  which  shows  that  the  magnitude  of  this 


field  along  the  x  axis  drops  as  lxl“^2_  jt  can  be  shown  that  the  source  expressed  in  Eq.  (6)  and  its 
far-zone  radiation  field  given  in  Eq.  (7)  are  the  intermediate  case  between  the  two  cases  of  the 
line  current  and  the  sheet  current.  (Note  that  the  source  given  in  Eq.  (6)  is  not  a  simple  linear 
combination  of  a  single  line  current  and  a  single  sheet  current.)  More  specifically,  we  notice  that 
when  a  =  0  in  Eqs.  (6)  and  (7),  the  current  source  becomes  an  infinitely  long  thin  line  current 

along  the  z  axis  and  its  far-zone  radiation  field  approaches  .E  (x,y;k)  =  —^ 

'ip»i  4n  \  kp 

which  is  the  far-zone  cylindrical  wave  of  an  infinitely  long  two-dimensional  wire  antenna.  When 
a  =  1,  Eq.  (6)  represents  a  one-dimensional  sheet  current  with  intensity  1J2,  and  its 

corresponding  far-zone  field  is  =  which  is,  as  expected,  a  plane  wave. 

*p>>i  4k 

Therefore,  Eq.  (7)  represents  an  example  of  a  wave  which  is  an  "intermediate"  case  between  a 
plane  and  a  cylindrical  wave. 

In  some  cases,  however,  the  fractional  cases  may  not  be  directly  or  obviously  related  to 
the  known  parameters  for  the  so-called  “integer”  cases.  As  an  illustrative  example,  let  us 
consider  the  very  well-known  concept  of  duality  principle  in  electromagnetic  theory,  that  is  for 
any  given  electromagnetic  problem  there  is  another  problem  named  dual  problem  that  can  be 
obtained  by  appropriate  transformation  of  fields,  sources,  and  material  parameters,  namely, 
E-»H’,  H->  -E’,  |x->s’,  e->|x’,  *1^  m  J’’  Pm  “^“P’-  Following  the  same 

line  of  inquiry,  we  should  ask:  Can  we  have  “fractional  duality'’  in  electromagnetism  where  the 
fractional  dual  problems  would  be  intermediate  problems  between  the  original  and  its  dual 
counterpart?  To  answer  this  question,  first  we  needed  to  seek  an  “operator”  which  “connects” 
the  two  cases  together,  i.e.,  a  mapping  which  takes  the  original  case  and  brings  it  into  the  “dual” 
case.  Symbolically,  we  can  show  such  an  operator  (which  can  be  linear)  as  a  mapping  between 
the  “Case  1”  and  “Case  2”.  We  should  then  “fractionalize”  this  operator  L,  and  the  new 

fractional  operator,  which  we  symbolically  denote  by  L“,  can  be  used  to  obtain  the  intermediate 
cases  from  the  original  case  1.  This  fractional  operator  should  have  the  following  properties:  (1) 
For  a  =  1,  one  gets  the  original  operator  L  and  this  provides  us  with  Case  2  from  Case  1;  (11)  For 
a  =  0,  one  obtains  the  identity  operator  /  and  Case  1  can  be  attained;  and  (IH)  For  two  numbers 

a  and  p,  we  should  have  We  have  used  this  technique  to  fractionalize 

some  of  the  well  known  operators  such  as  cross-product  operator  and  the  curl  operator  [1-2]. 
The  fractional  curl  operator,  as  we  defined,  is  a  new  operator  shown  symbolically  as  curf  with 
parameter  a  that  is  in  general  non-integer.  When  a =1,  we  get  the  conventional  curl  operator. 
When  a=0,  we  should  obtain  the  identity  operator.  For  values  of  a  other  than  zero  and  unity, 
one  then  gets  operator  with  appropriate  mathematical  operation  [see  Ref.  2].  Under  certain 
appropriate  mathematical  conditions,  this  operator,  when  applied  repeatedly,  is  additive  and  also 
commutes,  i.e.,  curf^  curt  =  curt  curt  =  curt*^ .  This  operator  is  an  interesting  mathematical 
operation  that  may  offer  some  possible  utility  in  certain  electromagnetic  problems.  In  particular, 
we  have  found  that  using  “fractional  curl”  operator  we  can  fractionalize  the  duality  principle  in 
electromagnetism  [1,2]. 
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Our  hopes  in  introducing  the  fractional  paradigm  in  electromagnetic  theory  are  to  explore 
various  fractional  intermediate  cases  in  electromagnetic  problems  which  may  lead  to  some 
interesting  possibilities.  Many  real-world  problems  in  electromagnetism  may  not  always  be 
identified  or  modeled  as  one  of  the  standard  ideal  canonical  problems.  For  example,  in  some 
situations  it  may  not  be  possible  to  model  waves  as  ideal  canonical  plane,  cylindrical,  or 
spherical  waves.  Similarly  we  may  not  be  able  to  model  antennas  as  having  simple  canonical 
shapes.  So  it  is  hoped  that  “intermediate”  cases  we  study  will  shed  light  on  mathematical 
treatment  of  some  of  the  real-world  problems  in  electromagnetic  theory. 
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Introduction 

New  algorithmic  schemes  for  modeling  the  problems  of  linear  theory  of  waveguide  disconti¬ 
nuities  are  presented.  Numerical  experiment  is  still  the  main  tool  for  investigation  of  the  reso¬ 
nant  wave  scattering  phenomena,  which  are  characteristic  for  such  structures.  The  mathemati¬ 
cal  approaches  employed  for  such  purposes  have  to  satisfy  relevant  demands  as  for  accuracy, 
eflBciency  and  versatiUty,  and  for  ability  to  be  focused  on  particular  details  of  various  practi¬ 
cally  interesting  regimes. 

The  approaches  for  analyses  of  transient  processes  in  the  waveguide-type  open  resonators  con¬ 
sidered  herein  satisfy  all  these  requirements.  They  rely  on  the  description  of  the  scattering 
properties  of  discontinuities  in  regular  waveguides  in  terms  of  transform  operators  related  to 
“evolutionary  basis”  of  non-stationary  signals  that  are  qualitatively  the  same  for  all  guiding 
structures  [1].  They  suppose  an  application  of  the  analytical  regularization  technique  at  key 
stages  of  the  solving  procedure  [2].  The  approaches  developed  can  be  applied  to  the  solution 
of  wide  range  of  electromagnetic  and  acoustic  boundary  value  and  initial  value  problems.  The 
class  of  considered  model  problems  comprises  resonant  type  discontinuities  in  circular  and  co¬ 
axial  waveguides  excited  by  an  axisymmetric  TEop  electromagnetic  wave.  The  choice  of  mod¬ 
eling  objects  is  motivated  by  scientific  interests  of  the  author. 

Evolutionary  basis  of  non-stationarv  wave  and  transform  operators 
Investigation  of  a  TE-type  axisymmetric  wave  scattering  in  circular  waveguiding  structures, 
such  as  coaxial  bifurcation  or  annular  iris,  is  reduced  to  solving  the  following  initial  boundary- 
value  problem: 


■siz)^U-a{z)^U  +  -^U+-^ 
St  dz^  dp 


f 


pdp  j 


■F{z,p,i),t>{l,{z,f^&Q:, 


U{z,p,0)  =  <p{z,p),  jU{z,p,til 


=¥i2,py. 


(1) 


1=0 


where  siz)  is  the  relative  dielectric  permittivity  of  the  material  filling  the  discontinuity, 
cr(z)=^^^  So,jn  are  the  fi’ee-space  permittivity  and  permeability,  <To  (z)  is  the 


specific  conductivity;  U(z,p,t)  =  .  For  the  axisymmetric  wave,  =  H,p  =  0,  while 
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the  non-zero 


components  of  the  magnetic  field  vector  are  given  by  the  relationships: 


ftL  suppo^d  that  the  functions  F(g,r),  Asl  Asl  ^ 

satisfy  the  conditions  of  the  theorem  about  a  unique  solution  of  the  problem  (1)  m  the  energy 
class(Sobolev’sspace)lf^'te^,G^=ex(0,r),  r<co  [3], 

The  separation  of  variables  in  (1)  enables  us  to  represent  the  solution  J 

section  of  regular  waveguide  (i.e.,  where  its  cross-section  is  constant  along  the  axis  z,  an 

g(g)  - 1  =  fr(g)  =  0),  as  Mows: 

u{z,p,t)  =  'Zv„{z,t)^„{p) 

where  the  sequence  of  functions  v(z,0  =  {v„(z,r)}  solve  the  equation 


dz 


dt 


-H=- 


^p 


[pE,]. 


- 1 

1^ 

'Jiz,  t) = a„(z,  t)- ^(^k(0+ 

|v„(z,r),-'»<r<Qo,  ^<00, 


(3) 


=  c„{z); 


(4) 


f=0 


fy-l)— r+O’-T' 

^  dt 

with  initial  conditions 
v„(z,0)=i>„W  ; 

(1  lis  the  set  of  eigenvalues  relevant  to  eigenfunctions  -S'"’  's  the  generalEed  de¬ 

rivative  of  the  Dirac  delta-ftinction,  a,(z.r),i.(z),c.(z)  are  the  Fourier  coefficients  of  the 
functions  Figj).  «<?),  r(g)expanded  in  terms  of  the  series  of  basis  functions. 

Suppose  now  that  a  wave  of  the  type  (2)  excites  the  open  waveguide  resonaor.  We  constd« 

the  field  of  excitation  [/'(g,r)  =  Xv.(z,r)'F»  to  be  nonzero  only  tn  the  wavegn.de  A, 

which  is  regular  for  all  z,  >  0  (left  bound  is  placed  in  the  plane  z,  =  0  ).  The  scattered  fidd 
that  is  exited  in  the  regular  semi-infinite  waveguides  A  and  B  »d  prowtez  m  each 
waveguide  towards  the  increasing  values  of  z,  and  z,  can  be  expressed  m  the  fom 


Boundary  transfomiation  operators  and  1“  (at  the  boundaries  z^  =  0)  of  the  evolution¬ 
ary  basis  of  nonstationaiy  wave  coming  from  the  waveguide  A  are  introduced  via  expressions 

’•'.r  = 

^  =  1  IK"(' -  +  C(< - 9Sj\>.{0.r)dr,  j  =  1,2 


(d) 


(5) 


0  w 
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0  L  J 

The  transporting  diagonal  operators  and  that  characterize  the  field  variation 

while  propagating  along  a  finite  distance  in  a  regular  waveguide,  are  defined  as  follows; 

»'/  (0.0  =  {»'„'(0,o}  =  +  r"^;|v<0,r)] ,  J  =  1,2 

»■;  (z, ,  0 = {f.j  (!,  ,o} = [f*  (z,  K‘  +  ^'(z.  )^/ 1“'/  (0,  o] ;  (7) 

It  is  clear,  that  all  together  these  operators  characterize  the  scattering  features  of  discontinuity 
(in  the  case  of  A-side  excitation)  in  complete  manner.  Here  /,(...)  is  the  Bessel  function,  x 

is  the  Heaviside  step  function. 


In  this  section  we  shall  outline  the  principal  ideas  of  the  approach,  which  can  be  used  for  the 
solution  of  rather  wide  range  of  problems  of  transient  scattering  theory. 

Hereinafter  the  wave  of  excitation,  U](z,p,t),  is  supposed  as  coming  to  the  discontinuity 

from  the  left-hand  side  and  chosen  to  have  the  form  (2)  with  v„(0,/)  =  1/).  Integer 

number  p>0  and  the  time  when  the  observation  started, ;/  >  0 ,  are  fixed. 

1. Coaxial  bifurcation  of  a  circular  waveguide  will  serve  us  as  the  first  example.  This  configu¬ 
ration  is  characteristic  for  all  the  structures  of  so  the  called  Wiener-Hopf  geometry.  According 
to  (4)-(6),  the  scattered  field  C/(z,p,/)  formed  in  the  regions  z  >  0  and  transformed  by  the  bi¬ 
furcation  (regions  A  is  coaxial  waveguide,  B  is  the  circular  waveguide  of  radius  b ;  the  region 
of  the  regular  circular  waveguide  of  radius  a  is  denoted  by  E)  can  be  represented  as 

n  0  L  '  '  J 

U(B, A)  =  -r)‘- zf]x[(l - r)  +  z\t}‘/V(, _ j  =  y, 

«  0  L  J 

The  eigenfunctions  y^Xf^  ’  ¥nXf^  the  eigenvalues  are  defined  as  follows 

=  j{p„^NXp„e)-N[p„^jXpA-^ 

¥„2 (p) = Ji{yn  ; 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


MMET'98  Proceedings 


53 


where  are  the  Bessel  and  Neumann  functions;  v„  ,  1^...  are  non- 


zero  positive  roots  of  equations  y,(v)  =  0  and  0,^1)  =  0.  The  eigenfunctions 


form  the  orthonormal  ^-independent  bases  in  the  relevant  plane  do- 

tnsins!  two  circular  and  one  annular  waveguides,  respectivelya 
Satisfying  the  boundary  conditions  for  the  functions  M  and 

tions  of  continuity  of  the  total  field  tangential  components)  providing  the  umquei^ss  of  the 
solution  of  (2)-(4),  we  arrive  at  functional  equations.  In  terms  of  the  Founer  coefficients  of 
matching  fiinctions,  one  of  them  has  the  following  form. 


-  n 

where  ~2R^{t-t})Ji{v„0)jJo{v^  1 

®.,  =  -e'Gl(^.,eX  jetiMf-’O)  < 

sj  <1+^/  ^ 

F„,,=2;r  iyr„(p)yf„j(p)pdp ,  j  =  'K2.. 

sjb 

fjt) = -  z)]^kA^^‘  -  ^)1)  + 

Expression  (9)  is  a  dual  series  operator  equation  with  respect  to  the  set  of  unknown  functions 
\Rfp[^  - »?)}  •  It  is  well  known  fi-om  the  theory  of  matrix  operators  of  convolution  type  [4], 

that  (9)  provides  the  solution  in  explicit  form  via  application  of  the  residue  calculus  of  mero- 
morphic  functions  over  a  contour  in  the  complex  plane.  It  is  noteworthy  that  the  elements  of 

the  vector  function  in  the  right-hand  side  of  (9)  make  invest  only  by  their  values 

at  the  moments  of  time  t  that  are  strictly  earlier  than  t .  Thus,  the  initial  bound^  Wue 
problem  is  reduced  to  the  Volterra  integral  equation  of  the  second  kind.  The  properties  of  the 
matrix  kernel  enable  us  to  solve  this  Volterra  equation  numerically,  without  mvertmg  the  ma- 
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trix  kernel  at  each  step  of  integration,  that  considerably  increases  efficiency  of  numerical  algo¬ 
rithm.  It  has  been  thoroughly  tested  and  cross-checked. 

2.  Thin  axially  symmetric  irises  have  been  chosen  as  the  second  example,  to  demonstrate  that 
the  mode  matching  technique  in  time  domain  can  arrive  at  a  considerably  simpler  example  then 
described  above.  The  total  field  in  domains  ^  (  z  >  0 )  and  S  (  z  <  0  )  can  be  presented  as: 


After  satisfying  the  boundary  and  continuity  conditions  at  the  plane  z  =  0  and  caring  out  sev¬ 
eral  obvious  transformations  we  obtain  that 


R^^{t  -  r)=  +  d^S^^t  -  ;;)| 

«  =  1,2...;  7  =  1,2. 


(10) 


S]a^Sjb 

Here  F„„j  =2n:  If  7  =  1’  fo™ula  (10)  characterizes  the  scattering 

S]b 

properties  of  an  annular-type  iris,  and  if  y  =  2 ,  it  corresponds  to  the  one  of  circular  shape. 
Similar  to  the  bifiircation  problem,  the  elements  of  unknown  vector  fimction  {t  -  r)}  that 

are  in  the  right  hand  side  of  (10)  influence  its  value  at  the  moment  t  only  by  means  of  their 
values  at  the  time  moments  t  that  are  earlier  than  t .  Thus,  for  a  fixed  t  (regular  step  in  time) 
we  can  consider  (10)  as  explicit  solution  of  the  problem  of  non-stationary  excitation  of  sym¬ 
metrical  irises  in  circular  waveguides. 

Conclusions 

The  discussed  above  algorithms  have  been  implemented  in  numerical  codes  for  computer-aided 
simulation  of  several  key  problems.  Characteristic  cases  studied  showed  ffiese  algorithms  to  be 
a  powerful  and  reliable  software  tool  for  fundamental  and  application-oriented  investigation  of 
the  physical  features  and  peculiarities  of  time-space  field  transformations  in  the  resonant 
structures  that  are  of  practical  interest  in  many  areas  of  today  microwave  engineering  and  sci¬ 
entific  devices  design. 
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Dennis  P.  Nyquist 
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East  Lansing,  Michigan  48824,  U.S.A. 

Abstract:  In  the  spectral  analysis  of  practical  open  integrated  waveguiding  structures,  multiple  non-removable  branch  points  occur  m  the  axial 
Fourier-transform  plane.  When  the  inveision  integral  for  the  distant  radiation  field  is  approximated  asymptotically  by  deforming  the  real-axis 
integration  contour  (C)  into  a  steepest-descents  contour  (SDC)  all  of  the  associated  branch  cuts  are  crossed  twice.  Passage  from  the  top 
Riemann  sheet  to  lower  sheets  and  back  to  the  top  sheet  occurs  so  both  ends  of  the  contour  lie  on  the  top  sheet  and  C  can  be  directly 
connected  into  SDC.  If  the  observation  aspect  angle  is  sufficiently  large,  however,  all  but  one  of  the  cuts  are  crossed  a  tiiird  time  and  the 
two  ends  of  the  SDC  lie  on  different  sheets.  Deformation  of  C  into  SDC  then  requires  a  fourth  crossing  of  those  cuts  and  integration  around 
them  to  remain  on  the  top  sheet.  A  continuous  spectrum  contribution  consequently  augments  the  saddle-point  term  contributed  by  the  SDC 
approximation.  These  wave  phenomena  are  studied  in  detail  for  the  asymmetric  planar  dielectric  waveguide,  which  is  the  simplest  canonical 
structure  for  which  multiple  non-removable  branch  points  occur. 

INTRODUCTION: 

Integrated  waveguide  structures  consist  of  conducting  or  dielectric  guiding  regions  immersed  in  a 
planar-layered  background  environment.  The  analysis  of  such  configurations  proceeds  typically  from 
a  spectral  fonnulation  for  the  currents/fields  in  the  axial  Fourier-transform  domain.  Integral 
representations  for  the  complete  electromagnetic  field  maintained  by  excitatory  electric  currents  are 
obtained  by  subsequent  inverse  transformation  of  the  spectral-domain  fields.  Evaluation  of  the  integral 
representations  requires  that  singularities  of  the  spectral-domain  currents/fields  be  identified.  Those 
singularities  consist  of  simple  poles  associated  with  the  integrated  guiding  structure  and  branch  points 
contributed  by  the  layered  background  environment.  The  author  has  demonstrated  previously  [1,2]  that 
the  latter  branch  points  arise  from  both  the  wavenumber  parameters  and  the  discrete  surface/leaky-wave 
poles  of  the  layered  background.  Asymptotic  evaluation  of  the  distant  fields  proceeds  through  a 
steepest-descents  approximation  of  the  axial  inverse-transform  integral  representations.  The  latter 
procedure  is  complicated  by  the  presence  of  multiple  non-removable  branch-point  singularities  in  the 
spectral-domain  fields.  For  simple  canonical  waveguides  (such  as  the  symmetric  planar  dielectric  slab), 
the  steepest-descents  integration  contour  (SDC)  crosses  the  single  branch  cut  ^ice  so  both  of  its  ends 
lie  on  the  top  Riemann  sheet;  the  original  real-axis  integration  contour  (C)  is  consequently  directly 
deformed  into  the  SDC.  When  applied  to  spectral  fields  of  integrated  guiding  structures,  a  SDC  crosses 
all  of  the  branch  cuts  twice,  but  can  cross  all  but  one  a  third  time  for  adequately  large  observation 
aspect  angles.  As  a  result,  those  latter  cuts  must  be  crossed  a  fourth  time  and  the  integration  path 
deformed  around  them  to  return  to  the  top  sheet  prior  to  connecting  C  into  the  SDC.  Additional 
continuous-spectrum  wave  contributions  consequently  arise  in  distant  approximations  to  the  complete 
field.  Since  no  prior  efforts  on  asymptotic  evaluation  of  integrated  waveguide  fields  is  apparent,  a 
simple  canonical  waveguiding  structure  which  shares  the  presence  of  multiple  non-removable  branch 
points  is  investigated  to  obtain  insight  into  the  more  practical  integrated  structures. 

CONFIGURATION  AND  ANALYSIS: 

The  asymmetric,  planar  dielectric-slab  waveguide  is  perhaps  the  simplest  canonical  waveguiding 
structure  for  which  multiple  non-removable  branch  points  are  present  in  its  spectral-domain  field.  The 
configuration  of  such  a  structure  excited  by  a  line  source  is  indicated  in  Fig.  1.  It  consists  of  a 
dielectric  guiding  layer  with  refractive  index  Wj  thickness  t  located  between  semi-infinite  cover 
and  substrate  layers  having  refractive  indices  /ij  and  ,  respectively,  where  n^<n^<n^.  Wavenumbers 
in  the  various  layers  are  k^njc^,  /=1,2,3,  where  is  the  free-space  wavenumber.  An  axial 

Fourier-transform  solution  for  the  TE  field  is  constructed  by  well-known  methods  [3-5]  leading  to  an 
integral  representation  for  the  region  1  field  as 
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(1) 


where  reflection  coefficient  J?(C)  depends  upon  the  wavenumber  parameters  pj  =  . 


The  spectral-domain  field  has  two  types  of  singularities  in  the  complex  axial  transform  ( C )  plane.  Thep, 
lead  to  branch  points  at  ±jtp  although  those  at  are  removable,  while  R(0  leads  to  simple  pole 

singularities.  Those  complex  C  -plane  singularities  are  indicated,  along  with  the  relevant  wavenumber 
locations,  in  Fig.  2.  Sommerfeld-type  branch  cuts,  also  shown  in  Fig.  2,  are  selected  leading  to  a  4- 
sheeted  Riemann  surface  for  which  the  spectral  field  decays  or  remains  bounded  transversely  for  all 
points  on  the  top  sheet,  while  it  grows  transversely  on  the  lower  sheets.  The  pole  singularities  consist 
of  two  distinct  types;  proper  surface-wave  poles  occur  on  the  top  Riemann  sheet  while  improper  leaky- 
wave  poles  appear  on  the  remaining  three.  Various  representations  of  the  total  field  are  considered 
below,  including  asymptotic  steepest-descents  approximations  to  the  distant  (from  the  line  source)  field. 


ALTERNATIVE  FIELD  REPRESENTATIONS: 

The  real-axis  integration  path  C  in  Fig.  2  can  be  deformed  in  various  ways  to  obtain  alternative  field 
representations.  Of  particular  interest  is  the  distant  radiation  field,  for  which  asymptotic  techniques, 
such  as  the  method  of  steepest  descents,  are  applicable  to  approximate  the  inversion  integral  in  Eq.  (1). 

A  polar  coordinate  representation  ofthe  field  point  is  defined  by  (x±xO  =rcos0,  (z-z)  =rsine  whereG 
is  the  polar  angle  measured  from  the  x-axis.  For  asymptotic  evaluation  of  the  cover  field,  the  steepest- 
descents  contour  SDC  is  found  to  depend  upon  the  observation  aspect  angle  as  indicated  in  Fig.  3. 

If  0  is  sufficiently  small  then  the  SDC  crosses  both  branch  cuts  twice  and  its  ends  both  lie  on  the  top 
Riemann  sheet.  There  exists  a  critical  angle  0^,  however,  beyond  which  the  SDC  crosses  the 
branch  cut  a  third  time  and  the  two  ends  of  the  SDC  lie  on  different  sheets.  That  angle  is  found  to  be 


given  by 


\ 

I 

il 

(K] 

1  ^ 

=  —  -  COS 

2 

1  2 

(2) 


Asymptotic  evaluation  of  the  integral  in  Eq.  (1)  consequently  depends  upon  whether  that  critical  angle 
is  exceeded.  The  two  possibilities  are  considered  below. 


case  no.  1:  0<0^  (two  ^  branch-cut  crossings) 

In  this  case,  the  two  ends  of  C  and  SDC  lie  on  the  top  sheet  so  they  can  be  connected  along  to 
form  a  closed  contour  as  indicated  in  Fig.  4.  Note  that  a  segment  of  the  SDC,  between  the  two  pairs 
of  branch  cut  crossings,  lies  on  the  bottom  Riemann  sheet.  The  SDC  may  consequently  capture 
surface-wave  poles  on  the  top  sheet  and  leaky-wave  poles  on  the  bottom  sheet,  although  this  is  unlikely 
at  small  aspect  angles.  The  SDC  must  be  deformed  about  such  captured  poles,  and  the  contour  which 
excludes  all  such  poles  is  designated  as  .  Cauchy’s  integral  theorem  then  provides 

<f  (...)d^  =  0  =>  f(-)dc  =  f  (-)rfc  +  r  (•••)rfc  (3) 

J  -C*SDC*Cp*C,  J  C  JSDC  -ICp 

but  it  is  well  known  that 

along  radial  lines  as  The  pole  residues  consequently  do  not  contribute  to  the  distant  radiation 
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field.  The  SDG  can  also  be  deformed  into  the  lower  half  plane  and  about  branch  cuts  and 
as  indicated  in  Figs.  2  and  4,  leading  to 

/  (...)dC  =  0  -  f  =  r  ^  (5) 

J-SDC+Cp+C.+Cj,+Cm^  ^SDC  JCw+Cj, 

where  the  pole  contribution  is  neglected.  It  is  concluded  that  in  this  case  the  SDC  contobution 
includes  the  entire  proper  radiation  spectrum.  Finally  the  saddle  point  approximation  to  the  SDC 
integral  provides  the  well-known  result 

QPo  rr  .-xv-w 

,  (-lac  ~  - 

/SDC 


E,',(r,e)  ■ 


TC 


(6) 


case  no.  2i  0^0^  (three  branch  cut  crossings) 


In  this  case,  the  left  side  of  the  SDC  lies  on  the  top  sheet  (of  the  ''‘TT.r  wr 

its  tight  side  lies  on  the  bottom  sheet  as  indicated  in  Fig.  5.  The  right  end  of  the  SDC  must 
consequently  be  defonned  along  C.  to  cross  the  C„  branch  cut  a  fourth  time  and  pass  back  to  the  lop 
sheet;  it  is  subsequently  deformed  about  the  C„  cut  to  remain  on  the  top  sheet  and  connected  mto  the 
left  end  of  the  SDC.  By  Cauchy’s  theorem 


f 


■SDC+C^+Cp+Cw 


(7) 


where  pole  contributions  have  been  neglected.  The  SDC  integral  now  represents  the 
radiation  field.  It  includes  the  C,,  component  but  excludes  the  C,,  component.  This  implies  that  the 
SDC  contribution  is  discontinuous  at  0=0^  unless  the  contribution  vanishes  there. 

The  two  ends  of  C  lie  on  the  top  sheet,  while  the  left  end  of  the  SDC  lies  on  the  top  sheet  ^d  its  right 
o“t  bLm  sheer.  C  is  deformed  inm  .he  SDC  as  indicated  in  Frg.  6.  The  left  ends  of  C 

and  the  SDC  are  connected  directly  on  the  top  sheet  along  C..  The  nght  end  of  C  is  deformed  a  ong  „ 
and  around  C,,  on  the  top  sheet.  Finally  C„  is  crossed  to  pass  to  the  bottom  sheet  and  connection 

with  the  SDC  is  made  along  C..  Cauchy’s  theorem  then  requires 

£c.snc.c,.c„.J->‘''  '  “  -  ■  /snc'-'"'  *  ® 

and  the  complete  radiation  field  is  meovemd  by  augmenting  dte  Incomplete  SDC  component  with  dte 
missing  C„  component.  The  additive  conhnuons-spectmm  component  is  a  lateral  wave  discussed 
briefly  in  [M]  in  a  different  context.  Replacing  the  SDC  component  by  the  asymptotic  saddle-pom. 

approximation  leads  to 

-yerPo/,  (-■)«  « 

J  C-b3 


0>Po 


which  includes  the  additive  continuous-spectrum  component. 

The  significance  of  the  additive  continuous-spectrum  component  to  the  reflected  field  is  studied  m  Figs^ 
7  and  8,  where  the  saddle-point  contribution  branch-cut  contribution  an  e  o 
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reflected  field  (EyXp'^^^yr^bc  displayed.  These  numerical  results  are  for  a  dielectric 
waveguide  having  f/Ao=.5  and  /ij  =  1.,  n2  =  3.2,  03=3.0  which  supports  only  the  principal  surface-wave 
mode  and  leads  to  a  critical  angle  of  6^  =  19.5".  Fig.  7  displays  the  radial  dependence  of  the  field  for 
0  =  88";  clearly  the  branch-cut  contribution  is  negligible  except  for  relatively  small  r/A^.  The  angular 
dependence  is  shown  in  Fig.  8  for  fixed  r/A^  and  again  the  branch-cut  contribution  is  negligible  except 

for  e-90". 

CONCLUSIONS: 

The  spectral  analysis  of  open-boundary  waveguides  leads  to  multiple  non-removable  branch  points  in 
the  axial  Fourier-transform  plane.  The  presence  of  multiple  branch  points  complicates  the  asymptotic 
evaluation  of  the  distant  radiation  field.  The  SDC  crosses  all  of  the  associated  branch  cuts  twice  but, 
for  sufficiently  large  observation  aspect  angles,  can  cross  all  but  the  cut  associated  with  the  field  region 
a  third  time.  This  results  in  one  end  of  the  SDC  residing  on  the  top  Riemann  sheet  while  the  other 
end  lies  on  a  lower  sheet.  Connection  of  the  SDC  into  the  original  integration  path  C  consequently 
requires  deformation  of  the  SDC  to  cross  the  cuts  a  fourth  time  to  return  to  the  top  sheet  and  then  pass 
around  them  to  remain  on  the  top  sheet  before  connecting  with  C.  The  result  is  a  continuous  spectrum 
branch-cut  contribution  which  augments  the  asymptotic  approximation  arising  from  the  SDC  integra¬ 
tion.  These  lateral  waves  are  found  to  decrease  more  rapidly  than  the  asymptotic  contribution  with 
distance  from  the  line  source.  The  portion  of  the  SDC  which  lies  on  the  bottom  sheet  can  capture 
leaky-wave  poles  while  surface-wave  poles  can  be  captured  on  the  top  sheet.  The  pole  residue  terms 
decay  exponentially  with  radial  distance  from  the  line  source  and  consequently  do  not  contribute  to  the 
distant  radiation  field.  Modifications  necessary  to  extend  this  technique  to  practical  integrated 
waveguiding  structures  are  will  be  identified. 
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Fig.  1  Configuration  of  asymmetric  planar  di¬ 
electric  waveguide  with  unit  line-source 
excitation. 


Fig.  3  SDC  in  ^-plane  for  various  observation 
aspect  angles;  relation  to  ^3  branch  cut. 


Fig.  2  Integration  path  and  singularity  points  in 
complex  i^-plane. 


Fig.  4  Appropriate  closure  of  C  into  SDC  when 
eOc- 
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Fig.  5  Appropriate  closure  of  SDC  into  C,,, 
branch  cut  when  0>0<.. 


t/Ao=.5  n,  =  1.  'i?=88'’ 

02=3.2  'iJc=19-5“ 

03=3. 


Fig.  7  Radial  dependence  of  saddle-point  and 
branch-cut  contributions  to  the  reflected 
wave  component  of  the  distant  radiation 
field  in  the  cover  layer  of  an  asymmetric 
planar  dielectric  waveguide. 


Fig.  6  Appropriate  closure  of  C  into  SDC  and 
C|,3  branch  cut  when  0>0j. 


t/Xo=.5  n,  =  1.  r/Xo=20. 

02=3.2  i5i^=19.5° 

03=3. 


Fig.  8  Angular  dependence  of  saddle-point  and 
branch-cut  contributions  to  the  reflected 
wave  component  of  the  distant  radiation 
field  in  the  cover  layer  of  an  asymmetric 
planar  dielectric  waveguide. 
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Abstract 

A  universal  and  efficient  iterative  scheme  for  solving  eigenproblems  is  presented.  It  is  based  on  a  func¬ 
tional  analysis  approach.  Several  variants  of  numerical  implementation  of  the  method  are  proposed. 
The  application  to  the  problem  of  electromagnetic  waves  propagation  in  anisotropic  waveguides  with 
arbitrary  transversal  inhomogeneity  of  the  permittivity  is  briefly  specified.  Several  examples  of  the 
computed  mode  vector  fields  in  various  complex  dielectric  guiding  structures  are  shown. 


1  Introduction 

The  main  difficulties  of  solving  eigenproblems  of  electromagnetic  waves  propagation  are  due 
to  the  following  facts: 

-  electrodynamical  coupling  between  the  magnetic  and  electric  field  components  of  a  mode 
in  the  region  of  the  permittivity  variation, 

-  energy  radiation  from  an  open  guiding  structure, 

-  complicated  geometry  and  profile  of  the  transversal  inhomogeneity  of  the  permittivity. 
The  mathematical  difficulties  corresponding  to  the  above  physical  facts,  when  one  seeks  the 
solution  in  the  space  of  square  integrable  functions,  are  the  following: 

-  nonselfadjointness  of  the  operators  constructed  from  the  vectorial  equations  describing 
propagation  and  possible  nonorthogonality  of  the  eigenfunctions  (guided  modes), 

-  existence  of  unbounded  or  non  vanishing  at  infinity  solutions  (corresponding  to  the  con¬ 
tinuous  part  of  the  spectrum  of  the  constructed  operators), 

-  complexity  of  the  boundary  conditions  and/or  of  the  (variable)  coefficients  of  the  equa¬ 
tions. 

Because  of  the  above  difficulties  there  exist  not  many  full-wave  (vectorial)  methods  which 
can  provide  satisfactory  solution  especially  for  complicated  structures.  There  dominate  purely 
numerical  methods,  mainly  the  variants  of  finite  difference  or  offfinite  element  methods  [l]-[3] 
(for  more  complete  reference  see  [4]).  The  common  feature  of  all  these  methods  is  that  the 
original  differential ^mhlQra.  is  reduced  to  numerically  solving  an  algebraic  matrix  eigenproblem, 
after  making  more  or  less  arbitrary  choice  of  the  discrete  and  finite  subbasis  in  the  function 
space  the  solution  is  sought  for.  Often,  the  correspondence  between  the  original  differential 
problem  and  the  discretized  algebraic  one  is  difficult  to  be  maintained  or  is  even  violated. 
Moreover,  these  methods  require  a  large  amount  of  memory  (mainframes)  to  be  eflPective  in 
more  complicated  cases. 

Here  we  present  the  method  called  Iterative  Spectral  Decomposition  Method  (ISDM)  [5],  [4].  It 
was  derived  with  a  help  of  functional  analysis  techniques  and  after  investigating  spectral  prop¬ 
erties  of  the  suitably  defined  propagation  operator  resulting  from  Maxwell’s  equations  [6],  [7], 
The  proposed  iterative  process  is  rapidly  convergent,  has  low  computer  memory  requirements 
and  has  proved  to  be  an  efficient  and  universal  tool  for  the  analysis  and  numerical  simulation 
of  various  dielectric  guiding  structures.  Some  examples  are  mentioned  in  this  short  paper. 
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2  Abstract  scheme  of  the  ISDM 

Let  T  be  an  unbounded,  densely  defined  and  closed  linear  operator  in  the  Hilbert  space 
('^’(-5  Oh)’  with  nonempty  discrete  spectrum  adisdT)  0.  Suppose  that  T  can  be  de¬ 
composed 

T  =  L-  F 

in  such  a  way  that  I,  is  a  selfadjoint  operator  with  known  spectral  properties  and  the  (un¬ 
bounded)  operator  F  is  i-compact,  meaning  that  D{F)  D  D{L)  and  Vp  ^  a{L)  the  operator 
F{L  —  p)~^  is  compact. 

Under  the  above  conditions,  the  eigenproblem 

(T-r)u  =  0,  u£D{T) 

which  can  be  written  equivalently  &s  u  =  {L  -  t)-'^Fu  if  r  ^  a(L),  is  solved  by  the  following 
iterative  process 

Un  =  (L-  Tn-iy^FUn-i  (*) 

Un  =  Un  Tji  =  (Tu„  ,  W,j)^ 

This  iterative  process,  called  Iterative  Spectral  Decomposition  Method  (ISDM),  is  rapidly 
convergent,  has  low  computer  memory  requirements  and  has  proved  to  be  superior  to  many 
large-scale  mainframe  numerical  methods. 

Several  variants  of  numerical  implementation  of  the  process  are  proposed,  relatively  to  the 
accessible  means  of  solving  inhomogeneous  equation  (*)  in  various  physical  situations. 


2.1  Variant  I  (eigenfunction  expansion) 

Spectral  measure  of  the  operator  L  is  known,  e.g.  L  has  compact  resolvent  and  is  semibounded; 
the  solution  is  expanded  in  the  basis  of  eigenvectors  of  L  (corresponding  special  functions). 
This  variant  is  called  the  Iterative  Eigenfunction  Expansion  Method  (lEEM). 

The  spectrum  (t{L)  —  (Tdisc{L)  is  discrete  and  the  eigenvectors  €m 

(i  ^m)  ~  0,  W^m  772  =  1,2, 3,... 

form  an  orthonormal  basis  in  ,  In  the  iterative  process  we  utilize  known  eigenpairs  (cr,-, 

^  ,  o  JT  \  nf) 

oi  the  operator  L: 

~~  •> 
m 

~  “■  (F'Un-l  ?  ?  (*) 

=  -Om  =  CS(EKl")-‘^ 

^  m 

=  \^mf  -  (FUn  , 

m 

2*2  Variant  II  (using  Fourier  transform) 

T  is  a  differential  operator  in  Z/^(IR”);  the  action  of  the  operator  (L  —  t^~^F  is  simplified  by 
means  of  the  Fourier  transform  in  X^(IR"); 

u^(A)  =  (27r)-”/2  /  ^  dx  . 
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To  this  end,  for  any  ^  G  let  us  define  the  operator: 

X^(IR")  ^  u  (zu^'Y 
z(-i\^)u  —  {z{X)u^{X)Y 

The  operator  z{-iV)  is  well  defined  and  bounded  in  ^^(IR”).  Since  F  is  L-compact,  the 
operator  {L  -  r)“^F  is  compact  for  r  ^  (T(i).  Hence  it  is  bounded  and  can  be  expressed  in 
the  form: 

(L  -  t)~^Fu  =  Zr{-iV)u  = 

=  {Zr{X)u^{X)Y  =  flri-iV)u 

for  a  function  Zr  =  2t(A)  G  i°°(IR”)  of  the  form  determined  by  the  choice  of  the  spectral 
decomposition  oi  T  -  L  -  F.  We  can  now  perform  the  iterative  process  on  the  Fourier 
transforms  of 

K  =  (*) 

<  =  <  IKK' =  «;  (/r- 

r„  =  (((I  -  F)».r  ,  <),  = 

■  =  /R.(lo-'(A)-/(A))l<(A)|m 

2.3  Variant  III  (using  Green’s  function) 

T  is  a  differential  operator  in  X^(IR”);  the  Green’s  function  of  the  operators  L  ox  {L  -  t)~^F 
is  used  to  solve  (*). 

If  Ir  G  T^(IR")  n  X°°([R’’')  or  Y  S  X^(IR”),  then  the  convolution: 

{IruY''  =  (27r)-”/2  ^ 

exists  for  u  G  X^(IR")  and  Y{x,y)  is  the  Green’s  function  of  L.  Then 

[L  -  TnT^Fu  =  lr{-iV)Fu  =  {hiFufY 

If  we  choose  the  spectral  decomposition  olT  -■  L  -  F  such  that  lX{x,y)  is  known,  then  the 
equation  (*)  can  be  effectively  solved  as  follows: 

Un  =  (27r)-”/2  /  -  y)Fun-Yy)dy  (*) 

Analogously,  if  the  analytical  form  of  can  be  obtained,  then 

=  (2x)“"/^  f  Zrn-ii^  -  y)un-i{y)dy  (*) 


3  Application  of  the  ISDM  to  dielectric  waveguides 


3.1  Assumptions  about  the  guiding  structure 


Let  us  consider  a  waveguide  that  is:  homogeneous  along  the  direction  of  propagation  X3,  trans¬ 
versely  inhomogeneous,  magnetically  isotropic  with  n  =  (Xq  =  const,  electrically  anisotropic 
with  the  principal  axis  03  along  0:3: 


S{x) 


cii  C12  0 

€21  ^22  0 

0  0  €33 


X  =  (a:i,a;2)  G  [R^  , 
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where  the  dielectric  tensor  S{x)  is  hermitian,  positively  defined  and 

€ij  :  IR^  9  a;  =  (a;i,a;2)  — C,  i,j  =  1,2,3 
€ij{x)  =  €ci  =  const  for  |a:|  >  Rg . 

3.2  Formulation  of  the  eigenproblem 

Assuming  harmonic  time  dependence  after  expressing  all  the  six  vector  field  components 
of  the  guided  mode  by: 

-ffx  =  [hi(xi,X2),h2{xi,X2)]e^^>^^^~^*')  = 

=  hx  ^ 

Maxwell’s  equations  for  the  waveguide  can  be  reduced  to  the  following  eigenproblem: 

{T-/3^)hx  =  0, 

Thx  ={L-F)hx  = 


where  Vx  =  [gf^,  gfj],  =  ^VoCo- 

3.3  Spectral  decomposition  of  T 

Since  guided  modes  are  square  integrable,  we  define  operator  T  in  the  Hilbert  space  7i  of  square 
integrable  complex  valued  vector  functions  defined  on  the  cross-sectional  plane  CR^  of  an  open 
waveguide,  or  on  the  bounded  region  Q,  denoting  the  cross-section  of  a  shielded  waveguide: 

n  =  L\fR^)®€^  or  n  =  L^{n)®e. 

We  introduce  in  H  the  scalar  product: 

{v  ,  w)^  =  )2  -f  , 

where  for  v  =  ,v,,^],w  =  6  H 

(%  ,  Wxj)  2  =  Wrcj  dx,  i  =  1,  2 

and  (9  =  IR^,  or  0  =  fl,  respectively. 

Decomposing  the  operator  T 

T  =  L-F, 

we  pick  out  as  the  operator  L: 

L  =  Vl,  D{L)^D{l)®V 
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with  the  domain  D{1)  such  that  Laplacian  In  -  Au  is  selfadjoint.  Hence,  we  choose 
D{1)  =  e  -&2(|R2)  :  Am  e  I2(IR2)|  ^  f2(IR2) 
for  open  waveguides,  and 

D{1)  =  {u  G  Hq{Q)  :  u£  0“^  down  to  dil,  u|gQ  =  0}  or 
D{1)  =  {«  €  H^{Q) :  u  €  C2  down  to  dQ,  =  o} 

for  shielded  waveguides  with  Dirichlet’s  or  Neumann’s  boundary  conditions,  respectively.  Now 
we  define 

D{F)  =  {ueH:  Fuen},  D{T)  =  D{L) . 

We  proved  in  [6]  that  T  is  a  densely  defined,  closed  operator  in  7f,  that  D{F)  D  D{L)^  and 
that  F  is  ^-compact  for  isotropic  structures  and  ^--bounded  for  anisotropic  ones. 

In  the  numerical  implementation  of  ISDM  for  open  waveguides  we  discretize  the  spectrum 
of  Laplacian  substituting  D{1)  =  by  the  domain  of  Dirichlet  Laplacian  defined  on 

bounded,  sufficiently  large  region  P  such  that  the  guided  mode  field  together  with  its  derivatives 
is  negligible  outside  P, 

3.4  Features  of  the  numerical  implementation  of  the  ISDM 

®  Computes  mode  propagation  constants  and  vector  fields  of  (multi-core,  anisotropic,  lossy, 
shielded  or  open)  dielectric  guiding  structures  with  virtually  any  cross-section  and  refractive 
index  profile. 

•  Compact  —  requires  very  little  computer  storage;  runs  on  IBM/PC  with  512K  RAM  and  a 
math-coprocessor. 

•  Versatile  —  shape  of  the  structure  and  its  refractive  index  profile  can  easily  be  modified  by 
a  user  during  a  computing  session. 

•  Efficient  —  mode  solution  accurate  to  five  digits  is  obtained  after  literally  seconds  of  com¬ 
putation  (5-8  iterations)  on  an  IBM/AT  platform. 

•  Simplicity  of  the  numerical  code  of  the  iterative  scheme  and  capability  of  effective  calculation 
of  mode  vector  fields  makes  the  ISDM  a  powerful  tool  for  numerical  simulation,  thorough 
analysis  and  design  of  complex  dielectric  guiding  structures. 

Numerical  cost  (variant  lEEM;  measured) 
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3.5  Problems  already  solved  by  the  ISDM 

The  method  (variant  lEEM)  has  been  successfully  applied  to  the  analysis  of  the  following 
dielectric  guiding  structures: 

•  power  profile  elliptical  fibers  with  large  ellipticity  (polarization  maintaining  fibers); 

•  anisotropic  dielectric  waveguides  (truly  single  mode  fibers) 

•  asymmetric  double- core  waveguides  (analysis  of  wavelength  selective  coupling) 

•  multi-core  fibers  with  non-identical  cores 

•  open  waveguides  with  a  large  core-cladding  refractive  index  difference  (complex  modes 
in  open  lossless  dielectric  waveguides) 

•  optical  fibers  with  a  lossy  core  or/and  cladding 

•  birefringent  structures  with  lossy  intrusions  (dichroic  polarizers) 

•  optical  monomode  fiber  couplers  with  lossy  separating  layer  of  arbitrary  refractive  index 
(operating  as  switches  or  sensors) 

•  polarization  selective  couplers  (polarizers  and  polarization  beamsplitters) 

•  rectangular  shielded  waveguides  loaded  with  dielectric  slabs 


4  Selected  examples  of  computed  mode  fields 

4.1  Complex  mode  in  a  lossless  waveguide 

The  possibility  of  existence  of  complex  modes  with  decaying  at  infinity  fields  in  lossless  isotropic 
and  inhomogeneously  filled  dielectric  waveguides  follows  from  nonselfadjointness  of  the  oper¬ 
ator  corresponding  to  the  propagation  eigenproblem.  Nonselfadjointness  is  a  consequence  of 
inhomogeneity  of  the  permittivity  in  the  waveguide  cross-section.  In  the  regions  of  permit¬ 
tivity  variation  the  coupling  of  the  electric  and  magnetic  field  components  of  hybrid  modes 
takes  place.  At  low  frequencies,  in  structures  with  a  large  core-cladding  index  difference  this 
coupling  can  cause  the  hybrid  mode  to  become  complex  [7]. 

Below,  the  example  of  complex  EHu  mode  is  shown,  namely  the  transversal  field  components 
Hi,  El  and  the  distribution  of  the  energy  flow  (Re{(£'  x  in  the  cross-sectional  plane 

of  the  waveguide  at  the  normalized  frequency  V  =  3.0. 


Re  C  ExH*  :il  V-3.00 


4.2  Fiber  coupler  with  a  separating  layer 

The  monomode  fiber  coupler  with  a  sepai'ating  layer  of  arbitrary  refractive  index  and  geometry 
shown  below  has  been  analyzed  in  terms  of  global  in  the  cross-sectional  plane,  vectorial  modes. 
The  coupler  is  treated  as  a  triple-core  structure  that  is  locally  homogeneous  along  the  direction 
of  propagation.  The  global  transversal  modes  contain  full  information  about  coupling  and 
attenuation  of  the  fields  in  each  cross-section  of  the  coupler. 
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The  layer  can  drain  some  energy  from  the  fibers  (a  different  quantity  for  each  polarization 
state),  especially  when  the  refractive  index  of  the  layer  and  of  the  fiber  core  are  more  nearly 
the  same.  The  hi  field  component  of  the  mode  that  is  responsible  for  the  energy  transfer  to 
the  layer  is  shown  below. 


R=25cnn 


2r=3.75/Lim 
n  =  1.460 
NA=:0.108 
A=0.89/^m 


2g=0.53/.6m 


Here  we  also  present  the  result  of  the  severe,  energetical  test  -  computed  (continuous  curve)  and 
measured  (triangle-dotted  curve)  transmission  coefficient  T  of  the  coupler  versus  the  refractive 
index  of  the  layer. 

4.3  Multicore  fiber  with  non-identical  cores 

In  such  guiding  structures  the  wavelength  selective  coupling  may  occur.  An  example  of  the 
mode  power  density  distribution  (the  real  part  of  the  longitudinal  component  of  the  Poynting’s 
vector)  over  the  cross-section  of  a  multi-core  fiber  for  different  normalized  frequencies  V  is 
shown  below. 


Re  Z  ExH»  :!l  V=2.50 


5  Conclusions 

The  effectiveness  and  versatility  of  the  ISDM  are  the  benefits  from  applying  functional  analysis 
techniques.  The  method  has  been  successfully  applied  to  a  wide  class  of  dielectric  guiding 
structures.  The  ISDM  turned  out  to  be  particularly  useful  as  a  tool  for  numerical  simulation, 
thorough  modal  analysis  and  design  of  waveguides  with  complicated  geometry  and  of  various 
opto-electronic  devices  including  couplers,  switches,  sensors  and  resonators. 
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1.  Introduction 

It  is  known  that  optical  characteristics  of  diffiisive  system  (OCOS)  are  related  to  the 
particle  size  distribution  function  (PSDF)  f(a)  (a  is  the  particle  radius)  by  a  linear  integral 
equation  of  the  first  kind.  The  equation  usually  has  the  following  form: 

S(x)  =  £s(x,a)/(a)da,  (U 

where  S(x)  is  an  experimental  OCDS;  s(x,a)  is  the  same  characteristic  related  to  a  single 
particle.  The  essence  of  the  problem  of  inverting  lightscattering  data  into  PSDF  is  to 
determine  f(a)  from  a  given  kernel  s(x,a)  of  Eq.  (1)  and  from  an  experimental  S(x)  obtamed 
with  an  enor  DS{x)  (including  computational  errors) 

S(x)  =  ^)  ±  AS(x).  (2) 

The  quantity  !aS(x]|  determines  the  number  of  Fourier  harmonics  that  can  be  retrieved  by 
inverting  Eq.  (1).  The  harmonics  of  frequencies  a?  >  where  is  som.e  limiting  frequency, 
just  disappear  in  measurement  noises  of  the  fiinction  S(x).  Ihe  frequency  is  determined 
from  the  following  formula  (see  [1]): 

AS  =  fsCx^aV^'^da.  (3) 

“  .  (  ■ 
The  requirement  for  measurement  and  calculation  error  to  be  small  « 1,  t]  ^  j  is, 

however,  not  enough  to  construct  a  stable  solution  to  Eq.  (1).  This  is  obvious  from  the 

following.  I  u  • 

The  simplest  method  of  solving  (1)  is  to  transform  it  into  a  system  of  linear  algebraic 

equations  of  the  following  form: 

a,^,=y,  W 

This  method  is,  however,  unsuccessful  as  a  rule,  because  the  systems  obtained  in  such  a 

manner  turn  out  to  be  ill-conditioned.  i  •  j  u 

The  reason  has  to  do  with  peculiarities  of  some  integral  equations  of  the  first  kind;  these 
equations  are  ill-defined,  that  is  to  say,  they  are  very  sensitive  to  the  choice  of  linearization 
points,  and  to  measurement  and  computation  errors.  In  order  to  solve  the  problem,  one  has  to 
"regularize"  it.  The  regularization  amounts  to  invoking  additional  information  about  properties 
of  the  sought-for  solution  to  Eq.  (1).  This  additional  information  makes  the  problem  stable. 
Strictly  speaking,  by  invoking  additional  information,  one  changes  one  problem  for  another.  It 
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is  important  for  the  substitution  not  to  lead  us  too  far  away  from  our  original  goal.  In  other 
words,  solutions  to  the  regularized  system  should  be  close  to  the  solutions  of  the  initial 
/\«v«  TTUia  t*Arvn  hoc  in  V>p1n  lie  to  opif  n(\  of  comnutational  instabilitv  of 

plV/L/iViii.  iiiv  X  kx  vw  O'”' - _  -  -  .  ^ 

the  problem  without  changing  its  physical  essence. 

The  simplest  regularization  method  is  to  assume  that  the  sought-for  PSDF  belongs  to  a 
certain  family  of  fimetions.  The  parameters  of  the  distribution  are  chosen  so  that  the  system 
(4)  is  satisfied.  Let  us  denote  the  frequencies  (or  scattering  angles)  at  which  the  fimetion  S  is 
measured  as  Yr  We  denote  the  sought-for  parameters  of  our  family  of  functions  as  v,,.  In  this 
case,  the  determination  of  the  parameters  v^.  of  the  family  reduces  to  solving  the  following  set 
of  equations: 

s(ri,n)=c,,  i=l,2,...n.  (5) 


The  number  n  of  equations  must  be  no  fewer  than  the  number  k  of  the  parameters  in  the 
sought-for  family.  In  spite  of  seeming  simplicity,  the  system  (5)  is,  as  a  rule,  also  poorly 
conditioned,  so  the  method  does  not  help  much  in  constructing  solutions  to  Eq.  (1). 

The  principal  idea  of  the  method  suggested  here  is  to  accept  n»k.  This  means  that  we 
will  deal  with  significantly  overdefined  systems.  This  will  make  it  possible  to  improve 
essentially  the  determination  accuracy  of  the  parameters  This  idea  is  similar  to  the  method 
of  least  squares.  Recall  that  the  error  As  of  the  mean  over  n  measurements  is  equal  to 

(6) 

Vn(n-1)) 

and  so  it  is  smaller  than  the  error  of  a  single  measurement  As„  approximately  by  a  factor  of  n. 


2.  An  example  of  appreciation  of  the  method  suggested. 

One  of  the  examples  of  method  applications  is  discussed  in  [2].  According  to  recent 
experimental  data,  the  function  f(a)  can  be  represented  as  a  sum  of  two  components;  fine  and 
large  ones.  Each  component  has  a  lognormal  distribution  that  can  be  described  by  three 
parameters:  the  particle  concentration  density  n;  (cm^pm  *),  the  distribution  mode 

ri(pm),  and  the  distribution  variance  Si  (i=l,  2  for  the  fine  and  large  components  respectively). 

It  is  more  common  to  use  two  other  parameters  instead  of  m  and  nj.  N=ni+n2,  and  c  =  "*■, 

^2 

where  N  is  the  total  particle  concentration  density,  and  c  is  the  ratio  of  concentrations  of  the 
fine  and  large  components.  In  [2],  the  authors  fix  N  and  c  and  examine  the  sensitivity  of 
aerosol  two-component  models  to  variations  of  the  remaining  four  parameters  q  and  Si.  Using 
different  values  of  q  and  Si  and  Eq.  (1),  it  is  possible  to  obtain  an  unlimited  number  of  two- 
component  models.  In  order  to  limit  this  number,  certain  intervals  for  q  and  Si  and  for  the 
quantization  step  are  set.  The  limits  of  mode  radius  variations  are  set  basing  on  data  in  [3]. 
For  q  this  interval  is  Ax.  =  0.02  —  0.06pm;  for  r2  it  is  □r2=0.15-0.75pm. 

It  is  commonly  assumed  in  aerosol  models  that  the  value  of  standard  deviation  Si  is 
approximately  equal  to  0.3.  This  value  is  taken  for  setting  intervals  for  Sj.  It  is  presumed  that 
Sj  varies  from  approximately  50%  to  200%  of  the  magnitude.  As  a  result,  the  interval  for  s,  can 
be  specified  as  □si=0.15-0.55;  for  S2,  □s2=0.1-0.7. 

The  possibility  of  retrieving  fl^a)  from  the  spectral  attenuation  oQ.)  is  considered  in  [2]. 
The  spectral  attenuation  a/particle  was  calculated  by  the  Mie  formulas  for  77  wavelengths  that 
were  spaced  evenly  throughout  the  extended  visible  range  from  0.3  to  1.06pm.  It  was 
assumed  when  doing  this  that  the  complex  refractive  index  m(X,)  of  the  fine  component 
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coincided  with  that  of  the  rural  component  in  [3],  whereas  m(^)  of  the  large  component  was 
identical  to  that  of  the  oceanic  component  in  the  same  work.  The  data  for  m  were  taken  for  a 
relative  humidity  of  70%. 

For  each  component,  25  values  of  ri  and  27  values  of  si  were  used  in  such  a  manner  that 
they  were  spaced  evenly  throughout  their  intervals.  Matrices  of  25  x  27  elements  were 
constructed  in  this  way  for  the  spectral  attenuation  <y(k)  for  each  of  77  wavelengths  ^ 
[distributed  evenly  throughout  the  0.3-1. 06pm  range].  As  a  result,  675  models  for  each 
component  were  obtained  for  77  wavelengths.  These  data  arrays  of  a  constituted  the  basis  for 
a  further  analysis. 

In  order  to  identify  aerosol  models  satisfying  optical  data,  two  optical  characteristics  were 
chosen:  the  Angstrom  parameter  a  and  the  attenuation  Oo/particle  at  X==0.55pm.  These  two 
parameters  can  fully  describe  the  curve  of  spectral  attenuation  in  the  visible  range. 

The  aerosol  models  were  compared  with  experimental  data  for  Oo  and  a.  It  was  assumed, 
in  accordance  with  numerous  publications,  that  the  aerosol  optical  thickness  To  of  the  marine 
atmosphere  in  clean  oceanic  regions  varies  between  0.07  and  0.09;  the  value  of  the  Angstrom 
parameter  a  for  the  same  conditions  can  change  from  0.4  to  0.8. 

As  a  result,  it  was  taken  for  o  (0.550)  and  a  to  satisfy  the  following  inequalities  (see  [2]  for 
more  details): 

0.9  X  10'^km'*cm^  <  o  <1 . 1  x  10‘^km'^cm^,  (7) 

0.3<a<0.5 

Using  these  inequalities,  the  authors  of  [2]  calculated  the  basic  optical  characteristics  of  the 
above-described  675  x  675  two-component  models.  From  this  set,  the  models  were  selected 
whose  Oo  (0.55)  and  a  satisfy  the  inequalities  (7).  At  a  chosen  step  of  quantization,  the 
number  of  such  models  amounted  to  5292. 

Next,  particle  size  distributions  for  each  model  were  calculated,  and  the  maximum  and 
minimal  values  of  each  distribution  were  determined  for  every  particle  size.  It  turned  out  that 
individual  distributions  differ  between  themselves  quite  significantly,  which  corresponds  to  the 
range  of  natural  variability  of  the  basic  optical  characteristics.  For  some  intervals  of  particle 
radii,  distributions  differ  by  orders  of  magnitude.  However,  all  the  selected  models  were  found 
to  be  close  to  each  other  within  the  0.02-1 .0pm  particle  radius  interval.  This  interval  (optically 
active  interval)  is  responsible  for  93%  of  attenuation  in  the  visible  range; 

The  mean  particle  size  distribution  for  the  active  interval  was  constructed.  The  relative 
mean-square  error  of  this  distribution  grows  with  the  particle  radius;  for  particles  of  radii  of 
0.02-0.2pm,  the  error  does  not  exceed  20%;  for  the  0.2-1  pm  radius  range,  it  is  no  higher  than 
40%;  it  gradually  grows  from  40%  to  95%  as  the  particle  radius  changes  from  1  to  3  pm. 
These  results  make  it  possible  to  estimate  the  retrieval  accuracy  of  the  aerosol  particle  size 
distribution  fi-om  an  optical  data  set  at  different  particle  size  intervals. 

It  follows  that  by  specifying  the  interval  of  basic  optical  characteristics,  one  can  determine 
with  the  above-stated  accuracy,  an  optically  active  and  quite  stable  are  of  PSDF.  It  should  be 
noted  that  data  on  the  spectral  attenuation  alone  measured  in  a  limited  spectral  range  is  not 
enough  to  determine  PSDF  over  the  entire  particle  size  interval,  because  differently-sized 
particles  affect  the  radiative  transmittance  differently.  So,  small  particles,  numerous  as  th^ 
are,  possess  weak  extinction  properties,  whereas  large  particles  are  strong  attenuators, 
although  they  are  few. 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


72 


M  MET’ 98  Proceedings 


3.  Conclusions 

The  information  content  of  data  for  the  spectral  attenuation  a  at  X=0.55pm  and  for  the 
Angstrom  parameter  a  in  the  visible  range  for  the  marine  atmosphere  was  examined  for  the  use 
in  the  reconstruction  of  the  aerosol  particle  size  spectrum.  The  particle  size  distribution  curve 
was  parameterized  by  a  sum  of  two  log-normal  distributions,  which  means  that  it  contained  six 
unknown  parameters  to  be  determined  from  the  two  measured  characteristics.  Some 
parameters  were  fixed  at  their  typical  values  in  order  to  diminish  the  uncertainty  of  the 
problem.  In  the  example  illustrating  the  procedure,  the  total  particle  concentration  and  the 
fraction  of  the  fine  and  large  component  were  fixed.  The  number  of  members  of  the  ensemble 
was  great,  because  the  answer  was  ambiguous.  It  is  remarkable,  however,  that  in  the  active 
particle  interval,  different  members  of  the  ensemble  have  close  distribution  curves,  so  it  is 
natural  to  accept  an  average  curve  as  a  solution  to  the  problem.  In  spite  of  the  small  body  of 
initial  information,  the  accuracy  of  the  procedure  was  quite  reasonable.  It  can  also  be  seen 
how  the  error  grows  with  the  particle  radius. 

The  most  important  for  the  method  is  a  correct  choice  of  the  initial  function  in  Eq.  (1)  and 
of  the  interval  of  parameter  values.  One  can  expect,  for  example,  that  by  applying  the 
described  procedure  directly  to  some  nonaverage  atmospheric  conditions  (such  as  storms  and 
fogs),  one  would  obtain  much  worse  results.  For  these  conditions,  one  could  possibly  vary 
both  the  initial  formula  in  Eq.  (1)  and,  more  importantly,  the  intervals  of  the  parameter 
variability. 
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Introduction. 

In  the  analysis  and  measurement  of  electromagnetic  systems,  much  emphasis  has  been  placed  on  their 
characterisation  in  the  frequency  domain.  Although  this  is  entirely  appropriate  for  those  systems 
which  are  narrow  band,  an  increasing  number  of  practical  systems  are  wideband  or  ultrawideband 
(UWB),  spanning  several  octaves  of  frequency  in  operation.  The  advances  in  UWB  pulsed  source 
performance  over  the  last  decade  have  given  rise  to  several  novel  applications,  including  UWB  radar 
[1],  ground  penetrating  radar  [2],  and  ultrawideband  synthetic  aperture  radar  [3].  Current  source 
technology,  providing  pulsed  waveform  risetimes  of  the  order  of  100  picoseconds,  is  reviewed  in  [4], 
whilst  other  faster  rise  time  applications,  albeit  of  lower  power,  are  reviewed  in  [5].  The  book  [6] 
reviews  present  approaches  to  UWB  studies. 

Ultrawideband  radar  requires  the  faithful  radiation,  and  reception,  of  a  temporally  compact,  ultrawide¬ 
band  pulse  of  some  pre- determined  waveform,  coupled  with  analysis  of  the  target  scattered  signature, 
both  in  the  early  time  and  the  late  time.  In  the  early  time,  scattering  by  features  such  as  edges  is 
important,  whereas  the  later  time  response  is  predominantly  of  a  damped,  oscillatory  nature  which 
can  be  described  in  terms  of  the  so  called  “complex  resonances”  or  “poles”  of  the  Singularity  Expan¬ 
sion  Method  [7].  These  later  time  features  may  be  strongly  pronounced  for  structures  with  cavities, 
especially  if  the  Q  factor  of  the  cavity  is  high,  so  that  one  or  more  oscillation  has  relatively  long  dura¬ 
tion.  Determination  of  the  corresponding  poles  has  been  explored  as  the  basis  of  target  identification 
algorithms  [6]. 

In  other  areas  as  diverse  as  personal  communications  and  satellite  communications,  attempts  to  cir¬ 
cumvent  various  physical  constraints,  such  as  antennaj  size,  have  lead  to  the  increasing  deployment 
of  wideband  antennas  in  the  form  of  multiband  antennas.  A  novel  antenna  is  the  fractal  antenna  re¬ 
cently  examined  in  [8].  Electromagnetic  intereference  (EMI)  and  electromagnetic  compatability(EM.C) 
continue  to  grow  in  im.portance  as  the  operating  frequency  of  devices  increases  and  the  spectrum  be¬ 
comes  increasingly  crowded.  Wideband  antennas  are  central  in  the  effective  location  and  assessment 
of  sources  of  EMI,  and  in  the  determination  of  both  in-band  and  out-of-band  responses  of  radiating 
devices. 

Time  domain  techniques  are  especially  attractive  to  the  wideband  community.  The  impulse  response 
of  a  radiator  or  scatterer  theoretically  contains  the  complete  frequency  spectral  response;  in  practice, 
the  finite  risetime  of  sources  and  measurement  systems  restricts  attention  to  the  smoothed  impulse 
response  stimulated  by  a  transient  pulse  of  short  duration  (such  as  the  “Gaussian”  pulse),  which 
then  provides  (via  a  Fourier  transform)  a  wideband  system  response,  up  to  a  maximal  frequency 
inversely  proportional  to  the  pulse  duration.  For  these  reasons,  numerical  simulations  often  calculate 
a  smoothed  impulse  response  to  assess  the  corresponding  finite  bandwidth  response. 

Whether  it  is  obtained  directly  (by  measurement  or  simulation),  or  by  transformation  of  frequency 
domain  data,  the  time  domain  response  of  a  scatterer,  to  transient  incident  illumination,  has  a  direct 
physical  interpretation,  which  is  invaluable  in  discerning  such  features  such  as  the  specular  return, 
creeping  wave  phenomena,  and  cavity  resonances. 

Let  us  consider  the  available  analytical  and  numerical  techniques  for  obtaining  the  time  domain 
response,  and,  by  implication,  the  wideband  frequency  response,  of  a  scatterer. 
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Analytical  and  Numerical  Time  Domain  Techniques. 

Analytical  techniques  find  their  greatest  success  on  narrowly  restricted  classes  of  problems.  Examples 
include  the  Mie  series  solution  of  scattering  by  a  sphere  (and  other  such  “separation  of  variables” 
solutions  for  canonicai  scatterers),  low  frequency  (Rayleigh)  scattering,  and  canonical  problems  soluwie 
by  the  Wiener-Hopf  technique  [9].  Techniques  applicable  to  wide  classes  of  scatterers  are  invariably 
numerical.  At  high  frequency,  ray  techniques,  such  as  the  geometrical  theory  of  diffraction  (GTD)  and 
its  extensions  [10],  can  provide  good  approximations  for  relatively  large  scatterers.  For  the  smaller 
and  intermediate  wavelength  regime,  integral  equation  approaches  have  been  successfully  used  for  the 
numerical  calculation  of  electromagnetic  wave  interaction  with  scatterers,  both  in  the  time  domain 


[11]  and  the  frequency  domain  [12].  We  will  briefly  describe  how  integral  equation  methods  can  be 
efficiently  exploited  to  obtain  scattering  signatures  across  a  broad  band  of  frequencies,  particularly 
focussing  on  the  time  domain  form.  The  scope  and  advantages  of  frequency  domain  techniques  are 
well  explored  in  [12].  In  this  regime,  other  possible  approaches  include  finite  difference  time  domain 
(FDTD)  schemes  [13]  and  finite  element  methods(FEM),  resulting  from  the  direct  discretisation  of 
Maxv/ell’s  equations.  Of  course,  none  of  these  techniques  exists  in  isolation,  and  various  hybrid 
schemes,  combining  analytical  approximations  and  numerical  attacks,  have  been  devised.  A  discussion 
of  these  issues  is  in  [14,  15]. 


Between  the  extremes  of  purely  analytical  and  purely  numerical  techniques  lies  the  Method  of  Reg- 
ularisation  (MoR).  This  (frequency  domain)  method  is  based  upon  exact  inversion  of  a  singular  part 
of  the  original  equation,  which  is  often  identifiable  as  a  “static”  part.  In  the  process  a  system  of  first 
kind  equations  is  converted  to  a  set  of  second  kind  equations,  enjoying  various  beneficial  properties 
such  as  guaranteed  rates  of  convergence;  the  resultant  system  of  equations  can  be  solved  vastly  more 
efficiently  than  v/ith  the  general  purpose  numerical  schemes  mentioned  above.  It  is  perhaps  the  only 
available  method,  of  some  limited  generality,  that  is  capable  of  providing  a  truly  wideband  response 
for  a  restricted  class  of  scatterers,  spanning  the  frequency  range  from  quasi-static  to  quasi-optical. 
This  method  works  well  when  scattering  problems  are  posed  as  mixed  boundary  value  problems  in 
coordinate  systems  in  which  the  scattering  surfaces  form  portions  of  level  surfaces  (in  which  one  coor¬ 
dinate  is  held  constant).  Usually  the  scattering  problem  is  formiulated  in  terms  of  the  eigenfunctions 
associated  with  separation  of  variables  for  the  Helmholtz  equation  giving  rise  to  dual  or  triple  series 
equations,  although  the  basic  idea  can  be  appUed  to  the  first  kind  integral  equations  arising  for  these 
problems  [16].  The  class  of  scatterers  to  which  the  method  applies  includes  objects  of  some  com¬ 
plexity,  with  edges  and  cavities,  and  is  therefore  extrem-ely  valuable  in  providing  rigorous  solutions  to 
“benchmark”  scattering  problems  for  testing  more  general  purpose  numerical  codes.  Indeed  complex 
scatterers  remain  the  ultimate  challenge  for  electromagnetic  signature  characterisation  [17]. 


In  the  next  section  we  consider  time  domain  integral  equation.  If  the  incident  field  is  taken  to  be  a 
Gaussian  pulse  (i.e.  a  smoothed  impulse),  the  smoothed  impulse  response  can  be  calculated.  After  a 
Fourier  transform  the  bistatic  response  as  a  function  of  frequency  is  obtained;  the  highest  frequency 
in  this  broadband  response  is  dictated  solely  by  the  effective  frequency  content  of  the  pulse.  Although 
a  frequency  domain  integral  equation  approach  might  be  considered  for  such  broadband  calculations, 
the  time  domain  approach  is  often  more  efficient.  The  computational  complexity  grow's  substantially 
as  the  surface  area  (in  square  wavelengths)  of  the  scatterer  increases,  so  that  whilst  the  integral 
equation  approach  is  formally  correct  for  all  frequencies,  it  is  of  practical  use  only  for  scatterers  up 
to  several  wavelengths  in  linear  dimensions.  (The  computational  complexity  of  differential  equation 
methods  is  determined  by  the  volume  (in  cubic  wavelengths)  of  the  truncated  free  space  grid  in 
which  the  scatterer  resides.)  The  time  domain  integral  equation  approach  and  other  “resonance” 
regime  methods  therefore  complement  high  frequency  methods.  As  well  as  accurately  determining  the 
response  at  longer  wavelengths,  it  enables  one  to  determine  the  scattered  response  in  the  transition 
regime  where  the  accuracy  of  results  obtained  by  GTD  and  other  methods  is  less  certain. 
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Time  Domain  Integral  Equation  Methods. 

In  free  space,  an  incident  electromagnetic  field  E\T  induces  currents  J  and  charges_^^o^the  surface 
5  of  a  perfectly  conducting  object.  In  turn  these  set  up  a  Maxwellian  scattered  field  E  ,  H  satisfying 


VxE 


dH^  ^  -^S  dE\^ 


(1) 


A  standard  approach  expresses  the  fields  in  terms  of  a  scalar  potential  <})  and  a  vector  potential  A  via 


H"  =  xA,E' 


(2) 


where,  in  the  Lorentz  gauge,  the  potentials  may  be  constrained  so  that 

-  d(j)  ^ 

V.A  +  cm^-O 


(3) 


This  choice  is  convenient  because  individual  components  of  A  and  ^  satisfy  the  scalar  wave  equation. 
A  continuity  equation  connects  the  surface  currents  and  charges 

+  Vsj(r,t)  =  0,  (4) 


where  Vs  is  the  surface  divergence  on  S.  The  potentials  are  then  given  by: 

7(r',r)_ 


t)  =  J-  /  ,  A{f,t)  =  f  /  , 

^  Atte  Js  1^  -  At:  Js  1^  -  r*  ] 


(5) 


where  r  =  t  —  |r  —  r'|/c  is  retarded  time,  and  c  is  the  speed  of  light.  The  electric  field  integral  equation 
(EFIE)  arises  by  setting  the  electric  field  component  tangential  to  S,{E  +  E  to  zero: 


3  A 


ian 


(6) 


This  holds  at  every  point  of  the  surface  S  and  is  valid  for  surfaces,  open  or  closed.  It  is  worth  noting 
that  the  Sommerfeld  radiation  condition  is  automatically  satisfied.  The  equations  (4),  (5),  (6)  are 
central  to  our  numerical  scattering  calculations.  As  explained  in  [11],  a  choice  of  basis  functions  can 
be  defined  on  a  triangular  mesh  which  approximates  a  dissection  of  the  arbitrary  scattering  surface 
5,  and  utilises  the  equations  so  that  present  current  and  charge  values  are  calculable  in  terms  of 
previous  values.  This  principle  can  be  easily  explained  by  considering  the  related  magnetic  field 
integral  equation  (MFIE),  which  is  valid  only  for  closed  surfaces  (without  apertures  or  edges);  it  is 
derived  (see  [18])  by  examining  the  components  of  the  magnetic  field  tangential  to  the  surface  (that 
is,  n  X  ¥  =  7),  obtained  from  the  curl  of  the  vector  potential,  and  has  the  form 


+  =  nxT  (7) 

It  is  now  transparent  that  the  value  of  the  surface  current,  at  a  particular  point  r  on  the  surface  and 
at  present  time  t,  is  formed  from  a  (weighted)  sum  of  surface  currents  at  every  other  point  on  the 
surface,  but  taken  at  times  earlier  than  t  :  specifically  the  contribution  from  point  r  is  retarded  by 
an  amount  equal  to  the  travel  time  of  light,  namely  \f-f'\/c. 

This  forms  the  basis  for  a  numerical  discretisation  scheme,  in  which  the  surface  S  is  divided  into  N 
fiat  patches  5i , . . . ,  with  centroids  fi , . . . ,  f n  and  unit  outward  normals  ui , .  ,  njv  ._The  current 

is  assumed  constant  on  each  patch.  A  discrete  time  step  At  is  chosen,  and  we  set  —  Jijit  ^At).  If 
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the  time  step  is  chosen  to  be  less  than  the  minimum  travel  time  of  signals  between  any  two  centroids, 
and  linear  interpolation  is  used  to  approximate  when  t'  is  not  an  integral  time  step  value, 


then  the  discrete  solution  value  Ji,k+i  is  a  linear  combination  of  the  solution  values  at  earlier  time 


7.  Aj:  /K  i  \  a  j. 
oucjJD  ± 


J  xl.  ,  ,  r  .ii  mi  If*  j  1  »  *1 

, . . ctMu  biie  eAciimg  iitiiu.  j.xie  sen  paicii  com  ri  DU  non 


-n:  X 


(8) 


is  normally  approximated  by  zero. 


The  system  is  supposed  quiescent  before  the  transient  pulsed  illumination  arrives,  at,  say,  time  zero: 

—  0,  A;  <  0.  Subsequently,  the  discrete  surface  current  values  are  updated  at  each  time  step  in 
terms  of  the  values  previously  calculated  by  this  scheme.  Both  this  scheme,  and  the  more  sophisticated 
scheme  described  in  [11]  for  the  EFIE,  work  well  once  a  stabilising  device  is  employed.  Typical  results 
based  upon  the  MFIE  appear  in  [19];  a  variety  of  problems  arising  in  the  study  of  wideband  antennas 
and  their  impedance,  radar  polarimetry  and  calibration,  and  scattering  problems,  including  obstacles 
with  a  surface  impedance  coating,  are  described  in  [11,  20,  21,  22]. 

Time  Domain  Response  of  Canonical  Scatterers  via  MoR. 

Canonical  problems  involving  thin  perfectly  conducting  shells  are  amenable  to  the  frequency  domain 
solution  technique  known  as  the  method  of  regularisation  (MoR)  or  semi-inversion  method.  Although 
the  shells  should  coincide  with  part  of  one  or  more  coordinate  surfaces  of  spherical  or  spheroidal  or 
other  special  geometries,  within  this  constraint  a  wide  variety  of  diffraction  problems  has  been  solved, 
including  the  spherical  reflector  antenna  [23],  a  sphere  with  one  or  two  holes  [24],  a  spheroid  with  one 
or  two  holes  [25],  spherical  or  spheroidal  shells  enclosing  interior  shells,  and  such  structures  enclosing 
multilayer  dielectric  shells  [26]. 


Consider  the  wave  diffracted  by  a  thin,  perfectly  conducting,  spheroidal  shell,  which  possesses  two 
symmetrically  placed  circular  holes  to  form  a  hollow  spheroidal  cylinder,  in  which  the  axially  aligned 
source  is  a  vertically  polarised  electric  dipole.  A  rigorous  formulation  of  Maxwell’s  equations  with 
boundary  and  edge  conditions,  produces  a  triple  series  set  of  equations  of  the  first  kind  [25].  The  MoR 
technique  analytically  transforms  the  set,  via  a  form  of  Abel’s  integral  equation,  to  an  infinite  matrix 
equation  of  the  second  kind.  The  Fredholm  nature  of  the  equation  so  obtained  ensures  the  existence 
of  a  unique  solution.  The  numerical  solution  algorithm  is  always  stable,  and  converges  to  the  exact 
solution  with  increasing  truncation  numbers.  For  practical  accuracy,  a  matrix  of  the  order  slightly 
greater  than  the  electrical  size  of  spheroid  should  be  solved.  Two  noteworthy  advantages  gained  by  this 
approach  are  great  reductions  in  computational  complexity  (compared  to  the  more  general  methods 
described  above)  as  well  as  reliable  quantification  of  edge  scattering  and  cavity  effects. 

The  frequency  dependence  of  radiation  patterns  was  computed  in  the  resonance  range  0  <  kb  <  20  {b 
denoting  the  semi-major  axis  of  the  spheroid  and  k  the  wave  number)  for  spheroidal  shells  with  axial 
ratios  in  the  range  0.1  <  g  <  0.999  that  corresponds  to  changing  the  form  from  practically  cylindrical 
to  spherical.  It  is  instructive  to  examine,  via  an  inverse  Fourier  transform,  the  time  domain  response 
of  such  cavities  to  a  finite  duration  pulse:  it  is  convenient  to  employ  the  Gaussian  time  dependence 
exp(— 6|(ct/27r6)^),  whose  duration  depends  the  dimensionless  parameter  bi.  The  radiated  response 
for  a  closed  sphere  at  10^  off  axis  is  shown  in  figure  la,  in  which  the  incident  pulse  is  initially  visible, 
followed  quickly  by  the  specular  return,  then  the  creeping  wave  response  followed  by  very  small 
amplitude  late  time  oscillations.  New  electromagnetic  features  appear  when  the  closed  sphere  is 
opened  up  as  a  cavity,  most  notably  the  occurrence  of  lightly  damped  (high  Q)  oscillations  which 
are  identifiable  as  internal  cavity  oscillations  whose  frequency  is  slightly  shifted  from  the  frequencies 
at  which  the  closed  spherical  cavity  would  oscillate.  In  the  frequency  domain  response  these  appear 
precisely  as  near  resonant  features.  Two  such  oscillations  are  visible  in  figure  lb  (note  the  incident 
pulse  is  broader). 
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These  results  were  compared  with  those  obtained  by  the  time  domain  EFIE  code  discussed  above. 
For  the  closed  structure,  the  results  are  in  good  agreement  ;  for  the  unclosed  structure  the  cavity 
oscillation  frequencies  (obtained  by  Fourier  analysis)  are  correctly  predicted  but  are  more  strongly 
damped.  The  accurate  prediction  of  the  cavity  Q  factor  is  thus  perhaps  the  most  demanding  test  of 
a  general  purpose  time  domain  numerical  code.  On  the  other  hand,  care  must  be  taken  in  frequency 
domain  calculations  to  resolve  such  features  adequately  as  a  function  of  frequency,  otherwise  acausal 
features  will  appear  in  the  transformed  time  domain  response. 

Sphere  radius  a,  with  two  holes  of  angle  «30° 


Figure  1:  Eradiated  field  at  10’’  off-axis  for  the  closed  sphere  (a)  and  the  spherical  cavity  (b). 

Conclusion,  ,  ,  .  j  <• 

Our  understanding  of  diffraction  phenomena,  is  enhanced  by  examining  both  time  and  frequency 
domain  aspects,  particularly  when  complex  scatterers,  incorporating  edges  and  cavities,  are  involved. 
Some  features  such  as  high  Q  resonances  are  better  perceived  in  the  frequency  domain,  whilst  other 
broadband  features  such  as  specular  returns  an.d  creepnig  wa.ves  appear  more  clearly  in  the  time 
domain.  This  article  discussed  the  relative  merits  of  several  low  and  high  frequency  general  purpose 
techniques,  concentrating  upon  time  domain  integral  equation  techniques.  The  validity  of  codes  based 
upon  these  tecliniaues  can  be  established  by  comparison  with  rigorous  solution  techniques  for  classes 
of  canonical  problems,  such  as  spheroidal  shells,  which  include  the  required  features  of  interest  (such 
as  cavities).  In  this  context  the  method  of  regularisation  herein  discussed  is  particularly  useful.  More 
results  will  be  presented  at  the  Symposium. 

References. 

[1]  D.M.  Parkes,  M.F.  Lewis,  R.L.S.  Devine,  K.  Trafford  &  D.  Richardson,  Procfical  measurements 
using  ultrawideband  radar,  Proc.  International  Society  for  Optical  Engineering  (SPIE),  Los  Angeles, 
USA,  Jan.  1992,  SPIE  Vol  1631,  pp  232-242  (1992). 

[2]  D.J.  Daniels,  Surface- Penetrating  Radar,  lEE  (1996). 

[3]  S.  Cloude,  A.  Milne,  C.  ThornhiU  &  G.  Crisp,  Early  time  signature  analysis  of  dielectric  targets 
using  UWB  radar.  In  ;  Ultrawideband  Short  Pulse  Electromagnetics  3,  Edited  by  C.  Baum,  L. 
Carin  k  A.  Stone,  255-262,  Plenum  Press  (1997). 

[4]  D.M.  Parkes,  Ultrawideband  pulser  technology.  In  :  Ultrawideband  Short  Pulse  Electromagnetics  3, 
Edited  by  C.  Baum,  L.  Carin  k  A.  Stone,  25-29,  Plenum  Press  (1997). 

[5]  E.E.  Funk  k  C.H.  Lee,  Free-space  power  combining  and  beam  steering  of  ultrawideband  radiation 
using  an  array  of  laser-triggered  antennas,  IEEE  Trans.  Microwave  Theory  k  Techniques,  MTT- 
444,  2039-44  (1996). 


c  t  /  {2  Jt  a} 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


78  MMET’98  Proceedings 

[6]  J.D.  Taylor  (Editor),  Introduction  to  Ultrawideband  Radar  Systems,  CRC  Press  (1995). 

[7]  C.E.  Baum,  The  singularity  expansion  method,  In  :  Transient  Electromagnetic  Fields,  Edited  by 
L.B.  Fplsen,  Springer- Verlag  (1976). 

[8]  J.  Fornieles  Callejon,  A.  Rubio  Bretones  &  R.  Gomez  Martin,  On  the  application  of  paramet¬ 
ric  models  to  the  transient  analysis  of  resonant  and  multiband  antennas  To  appear  IEEE  Trans. 
Antennas  Propagat.,  AP-46  (1998). 

[9]  H.A.  Serbest  &  S.R.  Cloude  (Editors),  Direct  and  inverse  Electromagnetic  Scattering,  Chapters  II 
and  III,  Pitman  Research  Notes  in  Mathematics  361,  Addison  Wesley  Longman  (1996). 

[10]  R.C.Hansen  (Editor),  Geometric  Theory  of  Diffraction,  IEEE  Press  (1981). 

[11]  P.D.  Smith,  Time  domain  integral  equation  techniques  in  electromagnetic  scattering.  In  :  Direct 
and  inverse  Electromagnetic  Scattering,  Edited  by  H.A.  Serbest  k  S.R.  Cloude,  Pitman  Research 
Notes  in  Mathematics  361,  171-188,  Addison  Wesley  Longman  (1996). 

[12]  E.K.  Miller,  L.  Medgyesi-Mitschang  k  E.H.  Newman,  Computational  Electromagnetics,  IEEE 
Press  (1992). 

[13]  P.G.  Petropoulos,  Fourth  order  accurate  staggered  finite  difference  schemes  for  the  time  dependent 
Maxwell  equations.  In  ;  Ordinary  and  Partial  Differential  Equations  V,  Edited  by  P.D.  Smith  k 
R.J.  Jarvis,  Pitman  Research  Notes  in  Mathematics  370,  85-106,  Addison  Wesley  Longman  (1997) 

[14]  E.K.  Miller,  A  selective  survey  of  computational  electromagnetics,  IEEE  Trans.  Antennas  Propa¬ 
gat.,  AP-36,  1281-1305  (1988). 

[15]  E.K.  MiUer,  Time  domain  modelling  in  electromagnetics,  J.  Electromag.  Waves  Applic.,  8,  1125- 
1172  (1994). 

[16]  A.I.  Nosich,  The  Method  of  Regularisation  in  wave  scattering  and  eigenvalue  problems:  Founda¬ 
tions  and  Review  of  Solutions,  Preprint  (1998). 

[17]  W.R.  Stone  (Editor),  Radar  Cross  section  of  Complex  Objects,  IEEE  Press  (1990). 

[18]  D.S.  Jones,  Methods  in  Electromagnetic  Wave  Propagation,  2nd  Ed.  OUP  (1994). 

[19]  P.D.  Smith,  Instabilities  in  time  marching  methods  for  scattering  :  cause  and  rectification.  Elec¬ 
tromagnetics,  10,  439-451  (1990). 

[20]  S.M.  Booker,  P.D.  Smith  k  S.R.  Cloude,  A  time  domain  integral  equation  approach  to  the  calibra¬ 
tion  of  dihedral  reflectors,  Proc.  Semes  Journees  Internationales  de  la  Polarimetrie  Radar  (JIPR), 
Vol  1,  153-164,  Nantes,  France  (1995). 

[21]  S.M.  Booker,  A.P.  Lambert  k  P.D.  Smith,  A  numerical  calculation  of  surface  impedance  effects 
on  transient  antenna  radiation.  Radio  Science,  31,  1663-1669  (1996). 

[22]  S.M.  Booker,  P.D.  Smith  k  A.P.  Lambert,  A  numerical  determination  of  transient  antenna 
impedance  via  near-field  integration,  J.  Electromag.  Waves  Applic.  12,  199-223  (1998). 

[23]  S.S.  Vinogradov  k  V.P.  Shestopalov,  Solution  of  a  vectorial  scattering  problem  for  a  sphere  with 
a  hole,  Sov.  Physics  Doklady,  237  (1)  (1977). 

[24]  S.S.  Vinogradov,  Reflectivity  of  a  spherical  shield,  Radiophys.  k  Quant.  Electronics,  26(1)  (1983). 

[25]  E.D.  Vinogradova  k  P.D.  Smith,  Impact  of  a  hollow  spheroidal  cylinder  on  electric  dipole  radiation 
features,  Proc.  Math.  Methods  in  Electromag.  Theory  (MMET*98),  Kharkov,  Ukraine  June  1998. 

[26]  P.D.  Smith  k  S.S.  Vinogradov,  A  rigorous  treatment  of  electromagnetic  scattering  by  the  Luneberg 
lens  reflector,  Proc.  Electromag.  Theory  Symp.  (URSI  Commission  B),  Thessaloniki,  May  1998. 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


M ME  TVS  Proceedings  / 

Galerkin  methods  in  solving  integral  equations  with 
applications  to  scattering  problems 

A.  Chakrabarti 

Department  of  Mathematics,  Indian  Institute  of  Science 
Bangalore  -  560012,  India 


Abstract 

The  Galerkin  methods  of  obtaining  approximate  solutions  of  integral  equations  and  their  applications  to 
problems  of  scattering  of  electromagnetic  and  surface  water  waves  are  examined  .  Two  typical  problems,  one 
occurring  in  electromagnetic  wave  propagation  and  the  other  in  the  propagation  of  two  dimensional  surface 
water  waves,  are  taken  up  as  illustrative  examples  of  the  methods. 

1.  Introduction 

Varieties  of  mixed  boimdary  value  problems  (see  Sneddon  [6]),  of  Mathematical  Physics 
are  solved  by  first  reducing  them  to  those  of  solving  integral  equations  of  various  types  and 
forms.  It  is  only  in  some  specially  simple  situations  that  exact  closed  form  solutions  of  the 
integral  equations  can  be  determined  completely,  and,  in  the  cases  of  integral  equations  with 
complicated  looking  kernels  or  otherwise,  only  approximate  solutions  of  certain  types  can 
be  worked  out  successfuUy.  Of  all  such  approximate  methods  for  solving  integral  equations, 
the  Galerkin  methods  (see  Jones  [4],  Evans  and  Morris  [2], [3],  Banerjea  and  Mandal  [1], 
Mandal  and  Das  [5],  and  others)  appear  to  be  extremely  powerful,  in  the  sense  that  certain 
practical  results  of  high  accuracy  can  be  recovered  with  appropriate  choice  of  certain  sets  of 
independent  functions,  to  be  described  in  section  2  of  the  present  paper. 

After  explaining  the  major  mathematical  ideas  behind  the  Galerkin  methods  in  section  2, 
we  have  taken  up  in  section  3,  two  different  mathematical  problems  of  scattering,  occurring 
in  Electromagnetic  theory  and  in  the  theory  of  water  waves  respectively,  and  have  reduced 
each  of  these  problems  to  those  of  solving  tyro  integral  equations  of  first  kind,  with  tyro 
different  kernels.  In  section  4,  we  have  presented  the  approximate  solutions  of  the  integral 
equations  formulated  in  section  3,  by  employing  just  one  term  Galerkin  approximations  and 
in  section  5,  we  have  deri^d  approximate  results  for  certain  special  quantities  of  practical 
interest  for  both  the  problems  considered  in  section  3. 

2.  The  major  Mathematical  ideas 

In  many  practical  situations,  like  the  ones  considered  in  the  present  work,  the  principal 
mathematical  problems  turn  out  to  be  those  of  solving  some  linear  operator  equations  (linear 
integral  equations,  for  the  problems  considered  here)  of  the  type 

{Lf){x)  =  l{x),  X  e  A,  (2.1) 

where  L  is  a  linear  operator  firom  a  certain  inner  product  space  S  to  itself  and  A  (Z  R  (can 
be  RP' ,  in  general) ,  where  f  and  I  are  real  valued  functions.  It  may  also  be  required  (as  in 
the  problems  considered  here)  to  determine  the  mner  product  : 

[I,  f]  =  [/,  i]  ■=  f{x)l{x)dx,  (2.2) 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


80 


MMET’98  Proceedings 


Whenever  the  mathematical  problems  at  hand  are  expressible  in  the  forms  of  the  two  relations 
(2.1)  and  (2.2)  we  can  resolve  them,  approximately,  by  utilizing  the  following  senses  and 

,*  J - 

1U.OCIO. 

Definition:  A  real  valued  function  F{x j  G  iS  is  said  to  solve  the  equation  (2.1),  approximately, 
if  and  only  if 

[LF,X]  =  [X,LF]^[X,l],  (2.3) 

where  the  symbol  means  ’’approximately  equal  to”  and  we  shall  write:  /  F,  in  the 
sense  that 

[L/,A)«ilLF,A],  (2.4) 

for  all  X{x)  €  S. 

Then,  using  the  approximate  solution  F  of  the  equation  (2.1),  we  can  derive  an  approx¬ 
imate  value  of  the  inner  product  [/,  Z],  as  given  by  the  relation  (2.2),  in  the  form: 

lfJ]^[F,l].  (2.5) 


In  the  Galerkin  methods  which  can  be  successfully  utilized  for  many  problems  (especially 
for  the  problems  considered  here),  we  express  the  approximate  solution  F{x)  ,  in  the  form. 

i=i 

where  denotes  a  set  of  n  linearly  independent  functions  (not  necessarily  orthog¬ 

onal)  in  S  and  Cj-’s  are  n  constants  to  be  determined,  as  desired  below. 

Using  the  relation  (2.6)  in  the  relation  (2.3),  after  choosing  X(x)  =  (t>k{x),  for  a  fixed 
k  {l<k  <n),we  obtain  the  following  set  of  approximate  linear  relations 

53cj[L(^j(a;),^it(a;)]  [/(a:),4(2;)],  (^  =  1,2, •  •  •  ,n).  (2.7) 

Treating  the  above  approximate  relations  (2.7)  as  a  set  of  n  linear  equations,  we  can  de¬ 
termine  the  constants  Cj’s  (j  =  1,2,  •  •  •  ,ti)  and  then  the  determination  of  the  approximate 
solution  F{x),  can  be  completed  by  using  the  relation  (2.6). 

Also,  the  approximate  evaluation  of  the  inner  product  [/,  Z]  can  be  completed  and  we 
obtain  ^ 

j=i 


As  an  example,  by  taking  n  =  1  only,  we  obtain 


ii.h? 


It  is  obvious  from  the  above  disaission  that  varieties  of  Galerkin  methods  can  be  developed 
by  varying  and  n. 
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The  methods  for  which  n  =  1  are  called  (see  Evans  and  Morris  [2,3])  ’’single-term 
methods,  whereas  for  values  of  n  >  1  the  corresponding  methods  are  referred  to  as  ’’multi- 


terni”  methods  (see  Baneijea  and  Mandal  [1]  and  others 
concentrate  only  on  ’’single-term”  Galerkin  approximations. 


We  shall  now  make  the  following  observations; 

We  have 

(i)  [F,LF]^[F,l],  (m)  [f,l]  =  [lJ]  =  [lJ]  +  [^J-Pl 

(Hi)  [Z,  /  -  F]  «  [Lf,  f]  -  2[LF,  F]  [F,  LF],  (by  using  (^)) 
\iv)  [f  -  F,  L{f  -  F)]  «  [Lf,  f]  -  2[LF,  F]  +  [F,  LF]. 


By  using  the  results  {iii^  and  (it?)  we  find  that 


(2.10) 


and  then  one  of  the  following  two  cases  hold  good. 

Case  (a):  If  L  is  a  positive  semi-definite  linear  operator,  i.e.  if  [h,  Lh]  >  0,  for  all  h  e  S, 


then 


(2.11) 


and 

Case  (b):  If  L  is  a  negative  semi-definite  linear  operator,  i.e. 
then 


if  [h,Lh]  <  0,  for  all  h  G  5, 

(2.12) 


The  above  results  (2.11)  and  (2.12)  imply  that  the  ’’approximate”  value  [Z,F],  computed 
with  the  aid  of  the  ’’approximate”  solution  F  of  the  equation  (2.1),  provides  a  lower  bo^ 
for  the  actual  quantity  [I,  f]  in  Case  (a)  whereas  [I,  F]  will  provide  an  upper  bound  for  [/,  /] 

in  Case  (b). 

The  above  observations  clearly  help  in  obtaining  estimates  of  the  quantity  [I,  f]  in  many 
practical  problems,  and  in  sections  4  and  5  we  have  demonstrated  the  applications  of  these 
ideas  to  the  two  problems  of  scattering,  considered  in  section  3. 


3.  Two  mathematical  problems  of  scattering  theory 


Problem  1: 

problem  occurring  in  Scattering  of  Electromagnetic 
To  solve 


Waves  (See  Jones  [4]) 


^  4.  ^  ^  ^  0,  (A;  >  0),  for  -  00  <  2:  <  00,  0  <  a;  <  a,  0<y  <b, 

dx^  dy^  dz^ 


(3.1) 


d(f) 


with  -  <k,  such  that 

(i)  0  =  0,  on  a:  =  0  and  x  =  a,  (ii)  ^  ~  on  y  =  0  and  y  =  b 

sin  ^  ,  as  2:  — >  -00,  A  >  0  (a  known  constant) 


(Hi)  (f> 


Te~^^  sin  (  —  ] ,  as  z 


-KX 


a 


00,  A  >  0  (a  known  constant) 
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(Note  that  R  and  T  are  unknown  complex  constants  to  be  determined). 

('^'1  ^  =  0.  on  2:  =  0"''.  for  d  <?/<&,  0  <  a:  <  a, 

'  '  dz  ' 

I  (5)  =  <^L=o-  ,  for  0  <  y  <  d,  0  <  a:  <  a, 

(C)  —  =  ^  ,  for  0  <  y  <  d,  0  <  a;  <  a, 

'  dz  dz 

along  with  the  edge  condition  that  ^/(f)  possesses  a  square-root  singularity  at  the  edge  y  =  d. 
Note:  The  forms  of  (j)  as  given  by  {iii),  suggest  that 

-X‘^-  —  +  k'^  =  0=^X‘^=(k‘^-^^>0, 

along  with  the  equation  (2.1). 

Reduction  to  two  integral  equations. 

Setting 

(j){x,  y,  z)  =  ipiy,  z)  sin  ( —  ,  (3-2) 


Sgn(2:) ' 


according  as  2:  >  0  or  2:  <  0), 


(Sgn(2:)  =  ±1, 


Kn  =  -ifin,  ptn  =  ^  j  >  0.  (assumed),  and  Kq  -  A,  yo.^j 

where  ao  =  R  =  {1  -  T)  and  Un’s  {n  >  1)  are  unknown  constants,  we  find  that  all  the 
conditions  of  the  probleml  are  met  with,  except  the  two  conditions  (A)  and  (B)  of  {iv),  which 
lead  to  the  following  DUAL  SERIES  RELATIONS,  for  the  determination  of  the  constants 


Vascos  =  0,  for  0  <  y  <  d, 

-Ko  +  f:^OnCos(’!f-)=0,  Covd<y<b. 

71=0  \  0  / 


These  dual  relations  can  be  easily  reduced  to  two  integral  equations,  in  the  following  manner: 

Firstly,  setting  the  left  side  of  the  relation  (3.6)  as  equal  to  —o,oKobg{y),  and  noting  that 
g(y)  =  0,  for  d  <  y  <  &,  we  can  easily  determine  the  Fourier  coefficients,  in  terms  of  y(y) 
and  then  the  relation  (3.5)  easily  gives  rise  to  the  integral  equation: 


r  K{y,t)9it)dt  =  —,  (0<y<d), 
Jo  ^0 
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with 


K{y,t)  :=  E  /in'  cos  cos  (^) 

n— 1 


We  also  find  that  a  quantity  H  can  be  defined  as  : 


(3.8) 


(3.9) 


IKq  , 

As  a  second  approach,  setting  the  left  side  of  the  relation  (3.5),  as  equal  to  ^  (1  ” 
ao)b9i{y),  and  noting  that  gx{y)  =  0,  for  0  <  //  <  d,  we  can  again  determine  the  Fourier 
coefficients  easily  in  terms  of  g,{y)  and  then  the  relation  (3.6)  gives  rise  to  the  following 
integral  equation: 

1  +  t  Ki{y,  t)gj{t)dt  =  0,  (d  <  y  <  6),  (3-10) 

Jd 


with 


We  also  find  that 


Ki{y,t)  :=  hm  E 

n=l 

1  _  2ia 


(3.11) 

(3.12) 


We  have  thus  reduced  the  problem  1  to  that  of  solving  either  of  the  integral  equations 
(3.7)  and  (3.10),  along  with  either  of  the  two  relations  (3.9)  and  (3.12),  respectively,  which 
determines  an  "important”  quantity  H.  It  should  be  emphasized  that  knowing  either  g{y) 
or  gi{y),  the  problem  1  can  be  solved  completely.  However,  the  kernels  K  and  Aj  are 
complicated  and  hence,  we  will  adopt  approximate  methods  (Galerkin  methods)  as  explained 
in  section  4.  We  also  make  the  observations  that  the  functions  g,  gi  and  the  constant  H  are 
real,  since  the  functions  K  and  Ki  are  so. 


Problem  2: 

A  Problem  occurring  in  Scattering  of  Surface  Water  Waves, 
(see  Evans  and  Morris  [2]) 


+  ^  ^  =  0,  for  -  oo  <  a;  <  oo,  y  >  0,  -oo  <  z  <  oo,  (3.13) 

dy"^  dz^ 


such  that 


(*) 


{ii) 


KS  +  —  =  a,  on  y  ^  Q  oxid  -  oo  <  x  <  oo, 
dy 

-oo  <  z  <oo,  {K  >  0,  a  known  constant) 


(A)  ~  =  0,  on  and  0  <  y  <  a,  (B)  — 

^  {C)  <f>l^  =  •  for  y  >  a 


aj— 0+ 


dx 


1 

a?=0~ 


for  y  >  a, 
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Q-Ky+ipz  ^^-irnx  _j_  aS  X  >  OO, 

I  asx — >  oo, 

{in)  0  >•  \  where  p-=  K sm(a),m  =  K cos(a),  (0  <  o;  <  |) 

{R  and  T  are  unknown  complex  constants  to  be  determined). 

(w) 

along  with  the  edge  conditions  that  V0  possesses  a  square  root  singularity  at  the  edge  y  =  a, 
ensuring  uniqueness  of  the  solution  of  the  problem. 

Reduction  to  integral  equations 

Setting  ,  / 

(j){x,  y,  z)  =  iIj{x,  y)e^^,  (3.14) 

with 


Mx,y)  =  +  iiSgn(i)e-'f»+‘’"l-l  +  f 

JO 


■00  &(A;)Sgn(a;)(fc  cos(A;y)  —  K sm{ky))e 


ki{k^  +  K‘^) 


dk. 


(3.15) 


where  ki  =  {k^  +  and  R  =  (I  -  T)  and  b{k)  are  unknowns,  we  find  that  all  the 
conditions  of  the  problem  are  satisfied,  except  the  conditions  {A)  and  (O)  of  (ii),  giving  rise 
to  the  following  "DUAL  INTEGRAL  EQUATIONS”  for  the  determination  of  the  function 

f>(k): 


and 


_  b(k)(kcos(kv)  -  ^  =  0,  (0  <  !/  <  a), 

Jo  k^  + 

p  bik)(kco«{ky)-KAn(ky))^,_  ^  ^ 

Jo  ki{k^  +  K^) 


(3.16) 

(3.17) 


ki{k^  +  K^) 

in  which  R  is  also  an  unknown  constant. 

The  above  dual  integral  equations  can  be  reduced  to  two  separate  integral  equations,  by 
employing  a  trick,  similar  to  the  one  used  for  the  problem  1,  along  with  the  use  of  the 
Havelock’s  expansion  theorem  (see  Ursell  [7]).  In  fact,  this  has  already  been  done  by  Evans 
and  Morris  [2]. 

Ttfl 

Firstly,  setting  the  left  side  of  the  relation  (3.16),  as  equal  to  —f{y),  and  noting  that 
f{y)  =  0,  for  0  <  ?/  <  a,  we  can  determine  b{k)  in  terms  of  f{y),  by  using  Havelock’s 
expansion  theorem,  and  then  the  relation  (3.17)  gives  rise  to  the  integral  equation: 

(3.18) 

(3.19) 


f{t)L{y,  t)dt  =  e  for  y  >  a, 
Ja 


where 


^  ^  /-OO  (A;  cos(%)  -  K  sm{ky)){k  cos{kt)  -  K sm{kt)) 

^^y^^’^Jo  krik-^  +  K-^)  ’ 

along  with  the  defining  relation: 

=  /“/(,). 


^KR 


dt. 


(3.20) 
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TTZ 

Secondly,  setting  the  left  side  of  the  relation  (3.17),  as  equal  to  ^(1  -  R)fi{y),  and  noting 
f.M  _  n  W  G  we  can  determine  b{k)  in  term.?  of  /i(y),  by  using  Havelock’s 
expansion  theorem,  and  then  the  relation  (3.16)  gives  rise  to  the  integral  equation: 

r  t)dt  =  e~^^,  for  0  <  2/  <  a,  (3.21) 

Jo 


where 


f°°  (k  cosiky)  —  K sm{ky)){k  cos{kt)  Ksm{kt))  -kS  jj^ 
along  with  the  relation 

We  note  that  /,  /i  and  A  are  all  real  quantities,  since  L  and  M  are  real. 

From  the  above  discussion  it  follows  that  the  problem  under  consideration  can  be  solved 
completely,  either  by  solving  the  integral  equation  (3.18)  along  with  the  use  of  the  relation 
(3.20),  or  by  solving  the  integral  equation  (3.21),  along  with  the  relation  (3.23). 

4.  Approximate  solutions  of  the  integral  equations. 

In  this  section,  we  shall  employ  ” single-term” -Galerkin  methods  to  obtain  approximate 
solutions  of  the  integral  equations  (3.7)  and  (3.10),  derived  for  the  Proble.ml,  as  well  as  of 
the  integral  equations  (3.18)  and  (3.21),  derived  for  the  Problem^.  In  fact  these  solutions 
have  also  been  presented  earlier  by  Jones  [4]  and  Evans  and  Morris  [2],  respectively. 

For  the  equation  (3.7)  we  assume  a  ’’single-term”  Galerkin  approximation  as  given  by 

9{y)  ^  ^0  (a  constant),  (4.1) 

in  the  light  of  the  relation  (2.6),  with 


t^ojUo  K{y,t)dtdy  ^  ^ 


n=l  ^ 


in  the  light  of  the  first  of  the  relations  (2.9). 

Similarly, we  assume  a  ’’single-term”  galerkin  approximation  to  the  solution  of  the  integral 
equation  (3.10),  as  given  by 

Cocos  (|(^)),  (4.3) 


Cq  =  -8(6  -  d^n 


4(6 -d)2  62 
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Again,  for  the  solution  of  the  integral  equations  (3.18)  and  (3.21),  we  assume  the  following 
"single-term”  Galerkin  approximations  (  see  Evans  and  Morris  [2]  )  : 


,  r  ...  .  Kn 


du 


,  for  a  <  y  <  oo, 


(4.5) 


and 


fM  «  C'Mv)  =  I  -  for  0  <  J/  <  a 


(a^  —  ^^2^2 

where  Ci  and  C'l  are  to  be  calculated  by  using  the  first  of  the  relations  (2.9),  giving 


(4.6) 


.Ce-^yfiy)dy 

ri"  L{y,t)f{t)fiy)dydt 


(4.7) 


and 


S  e-X”  h(v)iV 
SS  S  M(v,t)mfi(y)dy<it 


(4.8) 


5.  Some  approximate  results 

In  this  section  we  shall  explain  about  the  derivation  of  some  approximate  results  for  the 
quantities  H  and  A  associated  with  the  two  problems  1  and  2,  considered  in  section  3,  which 
represent  important  quantities  of  practical  interest  in  the  theory  of  electromagnetism  (see 
Jones  [4])  and  in  surface  water  wave  theory  (see  Evans  and  Moms  [2]),  respectively. 

By  using  the  relations  (3.9)  and  the  approximate  solution  for  g{y)  as  given  by  the  relations 
(4.1)  and  (4.2),  we  can  easily  determine  H  approximately.  We  find  that  in  the  particular 
^  b  TITT 

situation,  when  d  =  -  and  —  (i.e  when  Kob  «  tt),  we  obtain 

2  0 


H 


TT 


-0.59 


TT 

Kob' 


n— 0 


{2n  +  l)^ 


(5.1) 


Similarly,  by  using  the  relation  (3.12),  along  with  the  approximate  solution  for  gi{y)  as  given 
by  the  relations  (4.3)  and  (4.4),  we  can  determine  an  approximate  value  for  the  quantity  H. 

5  ,  mr 

We  find  that  when  d  —  and  //„  =  — ,  we  have 


nnb[i6'^hnu^-ir. 


-0.87 


TT 

Kob 


(5.2) 


From  the  theory  that  has  been  explained  in  section  2,  we  find  that  the  two  results  in  the 
relations  (5.1)  and  (5.2)  provide  some  upper  and  lower  bounds  respectively,  for  tl^  quantity 
H,  and,  we  find  that  the  average  of  these  two  bounds  gives  the  value  -0.73—,  which, 

TT 

according  to  Jones  [4],  is  very  near  the  actual  value  -0.71—. 
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Also  by  using  the  approximate  solutions  as  given  by  the  relations  (4.5),  (4.6),  (4.7)  and 
(4.8),  into  the  relations  (3.20)  and  (3.23),  we  can  determine  two  values  of  A,  approxinmtely, 
which  provide  some  upper  and  lower  bounds,  Aj  and  A2  respectively,  for  this  quantity.  Then, 
with  the  aid  of  the  defining  relation  (3.20),  we  find  that 

\R\  =  (14-  tt^A^  sec^(a))"^  (5-3) 

The  numerical  values  of  \R\  have  been  worked  out  by  Evans  and  Morris  [2],  by  using 
the  two  bounds  for  Ai  and  A2  of  A  as  described  above,  and  we  give  below  a  representative 
table  for  o:  =  30“,  for  the  purpose  of  completion  of  this  article.  The  table  clearly  shows  the 
closeness  of  the  bounds  of  \Rl  i.e.  l^il  and  [R^],  which  must  be  attributed  to  the  P^ticular 
choice  of  the  ’’single-term”  Galerkin  approximations  as  suggested  m  the  relations  (4.5)  and 

(4.6). 


Table 


0.2 

0.4 

0.6 

0.8 

1.0 

1.4 

1.8 

l^ll 

0.0569 

0.2432 

0.5389 

0.7971 

0.9252 

0.9900 

0.9984 

m  1 

0.056^ 

0.2430 

0.53^ 

0.7961 

0.92^ 

0.989^ 

0.9984 

Table  of  values  of  \Rj\  (1  +  7rMf  sec^(Q!)) 


for  a  ~  30*^,  R  —  Ka. 
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Abstract 

Maxwell's  equations  form  the  basis  in  electromagnetic  field  theory.  The  electromagnetic  field, 
if  it  exists,  satisfies  Maxwell's  equations  and  the  boundary  conditions  associated.  These  equations  are 
simple  in  the  form  but  contain  the  variations  of  the  field  quantities  throughout  three-dimensional 
space  (rectangular,  cylindrical,  and  spherical  coordinate  systems  are  used)  and  time.  The  general 
solution  to  Maxwell's  equations  is  usually  difficult  to  find.  However,  analysis  of  electromagnetic 
fields  requires  to  find  the  general  solution  without  simplifications  and  assumptions,  and  our  goal  is  to 
obtain  explicit  analytic  solutions  to  Maxwell's  equations  with  the  corresponding  boundary  conditions. 
This  paper  researches  methods  and  reports  a  straightforward  mathematical  foundation  for  solving 
Maxwell's  equations  in  analysis  of  transverse  magnetic  (TM)  and  transverse  electric  (TE)  fields. 


1.  Introduction 


The  electromagnetic  field  model  is  governed  by  four  Maxwell's  equations,  which  are  given  in 
the  point  form  for  time- varying  fields  as 

VxH(x,y,z,t)  =  (TE (x, y,z,t)  +  +  J(x,y,z,t) , 

dt 


V-E(x,y,z,t)  =  —  ---  ^'^^  ,  V  •H(x,y,z,t)  =  0, 

£ 

where  E  is  the  electric  field  intensity;  H  is  the  magnetic  field  intensity;  J  is  the  current  density;  p  is 
the  charge  density. 

The  development  of  analytic  methods  to  solve  Maxwell's  equations  in  the  coordinate  systems 
used  is  our  particular  interest.  The  common  coordinate  systems  applied  (rectangular,  circularly 
cylindrical,  and  spherical)  are  studied,  and  complete  analytic  solutions  to  Maxwell's  equations  are 
given.  The  rectangular  and  cylindrical  coordinate  systems  are  commonly  used.  This  paper 
demonstrates  that  an  analytic  solution  to  Maxwell's  equations,  if  it  exists,  can  be  find  in  the  chosen 
coordinate  system  by  the  superposition  of  TM  and  TE  fields,  and  the  reciprocity  theorem  can  be  used. 
In  the  circularly  cylindrical  system,  the  TM  and  TE  potentials  satisfy  the  Helmholtz  equation,  and  the 
first-,  second-,  and  third-kind  Bessel  fimctions  are  applied.  Only  the  spherical  coordinate  system  has 
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complete  coordinate  surfaces  of  finite  size,  and  therefore,  in  this  system  the  boundary  value  problem 
can  be  solved.  Hence,  the  spheroidal  configuration,  which  has  (j)  -symmetry,  is  of  a  great  importance. 
The  wave  or  Helmholtz  equation  for  the  field  quantities  (EovH)  in  terms  of  the  time-varying  sources 
can  be  expressed  and  solved  in  die  spherical  coordinate  system. 


2.  General  Methods  of  Solution 

For  time-varying  fields,  the  sinusoidal  steady-state  behavior  of  the  field  vectors  is  our  interest. 
We  assume  that  the  £  and  components  are  varying  sinusoidally;  in  particular, 

E(x,y,z,t)  =  E^(x,y,z,t)a^  +  Ey{x,y,z,t)a^,  +  E^{x,y,zj)a^  , 

where  E^  (jc, y, z, t)  =  E^  cos(wr +xir,),  E^  (x,  y, z,t)  =  E^^.  (x, y , z,0  =  cos(wr + vr J ; 

H(x,y,z,t)  ^  H^{x,y,z,t)a^  +  H^Xx,y,zj)ay  +  H^ix,y,z,t)a,. 

where H^{x,y,z,t)  =  cos{ox  +y/^), (x,y,z,t)  =  cos((yf  +xi/y),H.ix,y,z,t)  =  cos,{o)t  +yf^). 

The  magnitudes  ,  E^^. ,  E„,^ ,  //,„ ,  H„, ,  and  phase  angles  are  independent  of  time, 
however  they  depend  on  the  spatial  coordinates. 

By  using  complex  phasor  quantities  of  E  and  H,  and  canceling  the  term  which  is 
common  to  the  right  and  left  sides  of  equations,  one  obtains  the  time-domain  form  of  Maxwell’s 
equations.  In  particular,  the  electromagnetic  field  satisfies  the  following  equations  in  the  point  phasor 
form 

V  X  H  =  jcaeE  +  J,  VxE  =  -jco/jH , 

V-Zi  =^,  V-//  =  0,  (1) 

e 

which  should  be  solved. 

It  has  to  be  emphasized  that  the  permittivity,  permeability  and  conductivity  are  nonlinear 
functions  of  frequency. 

By  defining  =  H  -  £,  =  £  -  £2  ^nd  7  =  /,  +  >  we  have 

V  X  (Zf,  +  //2 )  =  7we(£,  +  £2 )+  (-^1  +  -^2 )  ^ 

V  X  (£j  +  £2 )  =  -j(0^{H^  +H2). 

A  set  of  equations  is  found  to  be 

V X //,  =  jcaeE,  +  7, ,  Vx  £,  =  -yw/iZZ, , 

VxH^  =  jaeE^  +  J2,  V  X  £2  =  -jofjHj  • 

Compare  to  equations  (1),  equations  (2)  can  be  easily  solved  because  the  divergence  is  zero. 
That  is,  Zf  can  be  represented  by  a  vector  potential  P,  which  is  given  in  terms  of  its  components  along 
and  perpendicular  to  the  coordinates  used.  Hence, 

H  =  'VxP,  P^PjT^a.+P,. 

Here,  P,  =  V  x  is  transverse  (perpendicular)  to  the  unit  vectors  a- ;  and  P^  are  the  scalar 

potentials. 

We  obtain 

H  =  VxPj-nfa^  +VxVxP;.£a,. 

Using  H^=VxPj^a.^  inVxH  =  jcoeE  +  7  ,  one  finds 

V  X  V  X  Pj-^a,  =  j(oeE^  +  7  . 

Furthermore,  V x (£,  +  0 , 

and  hence 
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E,  =-j(OfiPrMa^  +Vp. 

By  making  use  of  ,  the  following  equations  result 


//,  —  V  X  PfM^i  5  — 


VxVxPj^a- 


jcoe 


VxH2=  joJeE^ ,  VxE2=  -jwpdi^  -  ^2  • 
From  equation 
E2  =  V  X  P TE^i  > 

one  finds  Pj^  by  solving  equation 


The  thorough  analysis  performed  indicates,  that  for  TM  and  TE  fields  the  equations 
PTi  =  V  X  Pn^fUj 
and  E2='VxPj-Eai 

should  be  solved  by  using  the  following  procedure.  In  the  Cartesian  coordinate  systems,  as  one 
obtains  Pj-^  and  results.  Furthermore,  E^  can  be  found  by  solving 


VxH,=  JcoeE,  +  /, ,  E^=  -jafiPj^a,  + 


dP, 


m 


dX: 


jCOE 

wlule  E2  is  obtained  using  ^TE  ,  and  H2  is  found  from 


V 


V  X  £3  =  - ywjuf/, ,  H2  -  jcoePjEaj 


dP, 


TE 


ar, 


jcop 


In  the  cylindrical  coordinate  system,  which  is  given  in  terms  p,(l),z,  the  T^I  and  TE  field 
equations  are 


//  —  V  X  PjuiCii 


and  E  =  VxP. 


TE^i  ’ 


and  the  scalar  potential  satisfies  Helmholtz  equations  are  given  by 
V^Pru=7^PTM>  ■ 

The  following  partial  differential  equation  for  ^TM  results 


1  a  r  ap 

p 


pdp 


TM 

dp 


1  d^Pr„  .  av. 


TM 


y  ^TM  ~  > 


p^  d(j>^  dc 

and  the  solution  of  this  equation  is  found  using  hyperbolic  functions.  In  particular, 

^TM  =^p(p)^^((l>)^,(z), 

where  ^p(p),  and  are  the  Bessel  functions. 

If  the  spherical  coordinate  system  is  used,  the  field  components  are  found  for  TM  fields  as 

1  dPjn^ 


_  1  aPj-^  „  _ 

lirk  —  r  5  — 


Ea=- 


r  do 

1  a^p. 


rsin0  d(j> 


TM 


jOEr  dOdr 
and  for  TE  fields  we  have 


,  Er=- 


J(OE 


fd^P 
d  Ptm 


dr^ 


TM 


>  Ep 


1 


a^p. 


TM 


jcoersXnO  d<l>dr 
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E,=  — 


He=- 


r  de 

1  d^R 


£«=■ 


’  ®  rsin0  d(j)  ’ 

1 


2d  ,  r  ^2  P 


TE 


j(Ofir  dOdr 


jail 


TE 


dr^ 


+  P"Pi 


TE 


1 


d^R 


TE 


The  corresponding  Helmholtz  equation  is 


li- 

dr 


^(7  P TM  ) 


dr 


+  - 


1 


sin©  dQ 


^(7  Ptm  ) 
sin©  ' 


*  yw/rrsin©  dipdr 


de 


+ 


d^(jPTM) 


r^  sin^  ©  do  d(j)^ 


P%PTM)=Ji- 


V  ^  ^  .  . 

Transient  space-time  problem  should  be  solved  in  many  applications.  Consider  the  foUowmg 
equations 

V X Eix,y,z,t)  =  ,  V X H(x,y,z,t)  =  oE{x,y,z,t)  +  +  J{x,y,z,t) , 


dt 


=  ,  V-H{x,y,z,t)  =  0, 

E 

assurning  that  the  excitation  is  a  known  function  of  time.  To  solve  the  problem,  the  Fourier  or 
Laplace  transforms  can  be  used.  The  solution  is  not  trivial,  and  the  particular  scenario  should  be 
considered  to  solve  the  problem. 


3.  Duality  of  Solution 

If  the  field  varies  sinusouidally  with  time,  the  time  can  be  eliminated  from  the  fundamental 
equations;  that  is,  the  solution  is  obtained  in  terms  of  complex  vectors.  Assume  that  the 
electromagnetic  field  satisfies  the  following  two  equations 

V  X  //,  =  ;■&)£,  jE:,  +J^,VxE^=  (3) 

with  the  corresponding  boundary  conditions. 

If  the  solution  of  these  equations  is  known,  one  can  solve 

V  X  /fj  =  ;£i)e2^2 »  V  X  £2  =  -^2  (4) 

by  using  the  transformations 

J,=-M2,  e,=fi2,  Ail  =£2. 
or  E^=H^,  H^=-E^,  £,=H2,  ^^=£2, 

or  £i=//2, //,  =£2. -^1  =-^2.  =-^2’  =-^2- 

In  particular,  by  applying  these  transformations,  solution  of  (4)  is  identical  to  (3). 


4.  Conclusions 

This  paper  addresses  the  problem  of  solution  of  Maxwell’s  equations  in  the  rectangular, 
cylindrical  and  spherical  coordinate  systems.  Sinusoidal  steady-state  and  transient  space-time 
problems  have  been  researched.  By  using  the  results,  it  is  shown  that  Maxwell’s  equations  can  be 
solved,  and  important  problems  have  been  focused  and  solved.  In  particular,  the  complexity  of  the 
solution  depends  on  the  coordinate  system  used,  and  spherical  coordinate  system  has  advantages  to 
find  analytic  solutions  to  Maxwell’s  equations. 
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RECENT  DEVELOPMENTS  IN  FAST-MULTIPOLE  BASED  FREQUENCY  AND  TIME 

DOMAIN  SOLVERS 


E.  Michielssen,  W.  Chew,  A.  Ergin,  V.  Jandhyala,  B.  Shanker,  and  J.  Song 
Center  for  Computational  Electromagnetics 
Department  of  Electrical  and  Computer  Engineering 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL  61801 


Abstract  This  paper  reviews  the  state  of  the  art  in  fast  integral  equation  techniques  for  solving 
large  scale  electromagnetic  scattering  and  radiation  problems.  The  Multilevel  Fast  Multipole 
Algorithm  and  its  frequency  and  time  domain  derivatives  are  discussed.  These  techniques  permit 
the  rapid  evaluation  of  fields  due  to  known  sources  and  hence  accelerate  the  solution  of 
boundary  value  problems  arising  in  the  analysis  of  a  wide  variety  of  electromagnetic  phenomena. 
Specifically,  the  application  of  the  Steepest  Descent  Fast  Multipole  Method  to  the  frequency 
domain  analysis  of  radiation  from  quasi  planar  structures,  e.g.,  rough  surfaces  and  finite 
microstrip  structures,  is  described.  In  addition,  the  extension  of  the  fast  multipole  concept  to  the 
Plane  Wave  Time  Domain  algorithm  that  permits  the  efficient  analysis  of  transient  phenomena  is 
outlined. 


INTRODUCTION 

Surface  integral  equations  coupled  with  Method  Of  Moments  (MOM)  based  solution  algorithms 
have  long  been  conceived  as  very  accurate,  but  computationally  expensive  schemes  for 
analyzing  electromagnetic  radiation  and  scattering  phenomena.  Unlike  finite  difference  and 
finite  element  techniques  which  require  the  discretization  of  the  entire  volume  of  the  structure 
under  study,  surface  integral  equation  techniques  utilize  basis  functions  only  on  interfaces 
between  homogeneous  regions,  thereby  resulting  in  fewer  unknowns.  However,  in  contrast  to 
these  differential  equation  techniques,  the  application  of  the  MOM  to  the  solution  of  surface 
integral  equations  leads  to  a  matrix  equation  involving  a  dense  matrix.  As  a  consequence,  for 
large  problems,  the  solution  of  the  MOM  equations  using  direct  inversion  is  impractical  due  to 
the  large  CPU  time  and  memory  requirements  associated  with  this  procedure.  The  iterative 
solution  of  the  MOM  system  is  also  a  time  consuming  process,  with  both  the  number  of 
operations  per  iteration  and  the  memory  cost  associated  with  storing  the  matrix  scaling 
asc?(V^),  where  is  the  number  of  spatial  degrees  of  freedom  of  the  discretized  surface 
current,  i.e.,  the  dimension  of  the  system.  Integral  equation  techniques  for  analyzing  surface 
scattering  and  radiation  phenomena  have  been  developed  as  well.  Unfortunately,  their 
computational  complexity  scales  as  where  denotes  the  number  of  temporal  steps 

in  the  analysis,  and  prohibits  their  application  to  the  analysis  of  large-scale  scattering 
phenomena. 

To  expedite  the  iterative  solution  of  electromagnetic  boundary  value  problems,  researchers  have 
exploited  the  underlying  structure  of  the  Green's  function  kernel  and  developed  techniques  that 
facilitate  the  fast  computation  of  MOM  matrix-vector  products  [1-5].  We  have  recently 
developed  a  host  of  fast  multipole  based  algorithms  for  analyzing  large-scale  radiation  and 
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scattering  phenomena  [6-7],  In  this  paper,  we  report  on  the  implementation  of  the  Multilevel 
Fast  Multipole  Algorithm  (MLFMA),  and  a  derivative  of  the  latter,  the  Steepest  Descent  Fast 
Multipole  Method  (SDFMM).  These  algorithms  accelerate  the  iterative  solution  of  surface 
integral  equations  that  are  pertinent  to  the  analysis  of  scattemg  and  radiation  from  arbitrarily 
shaped  three-dimensional  and  quasi-planar  structures,  respectively.  The  computational  cost  per 
iteration  and  memory  requirements  of  the  MLFMA  and  SDFMM  scale  as  O(NglogN^)  an 
0(N  ) ,  respectively.  In  addition,  the  extension  of  the  fast  multipole  concept  to  the  analysis  of 
transient  scattering  phenomena  is  described.  Fast  time  domain  integral  equation  based  schemes, 
reminiscent  of  the  frequency  domain  fast  multipole  methods,  further  termed  Plane  Wave  Time 
Domain  (PWTD)  schemes,  permit  the  efficient  analysis  of  transient  scattering  phenomena  m 
OiNfN,  log N,)  operations. 

THE  MULTILEVEL  FAST  MULTIPOLE  ALGORITHM 

The  MLFMA  constitutes  an  efficient  technique  for  analyzing  3D  electromagnetic  interaction 
phenomena  [3,6,7].  The  algorithm  relies  on  a  multilevel  divide  and  conquer  strategy  and  has 
been  implemented  in  FISC  (Fast  Illinois  Solver  Code)  technology.  The  MLFMA  is  designed  to 
accelerate  a  matrix-vector  multiply  that  arises  in  the  iterative  solution  of  the  MOM  equations 
resulting  from  a  discretization  of  the  boundary  integral  equations  pertinent  electromagnetic 
scattering  and  radiation  analysis.  In  the  MLFMA,  the  object  under  study  is  first  subdivided  into 
subscatterers,  also  termed  groups.  Fields  generated  by  sources  residing  m  separate  source  group 
are  characterized  through  each  group’s  far-field  radiation  pattern,  measured  with  respect  to  the 
group’s  center.  Then,  the  addition  theorem  is  used  to  translate  the  plane  wave  components  that 
characterize  each  source  group’s  far-field  pattern  to  the  centers  of  all  other,  receivmg  groups. 
Fields  received  at  a  group  center  are  then  redistributed  to  the  individual  receivers  residing  m  the 

group. 

Whereas  a  matrix-vector  multiply  involving  a  dense  matrix  and  a  dense  vector  requires  0(N^  ) 
operations,  a  matrix-vector  multiply  carried  out  using  a  two-level  fast  multipole  algorithm  only 
requires  operations.  An  analogy  with  a  telephone  network  is  in  order.  Assume  that  TV 

telephones  are  connected  to  one  another  with  direct  connections.  The  number  of  network  wires 
is  However,  if  “hubs”  are  introduced  in  the  network,  then  the  number  of  connections  can 
be  reduced  (Fig.  1(b)).  However,  the  hub  structure  implies  a  three-stage  connection  process. 
Similarly,  in  the  two-level  fast  multipole  scheme  described  above,  a  multiplication  is  effected 
through  three  separate  translation  procedures;  from  source  to  source  group  center,  from  the 
center  of  the  source  group  to  that  of  the  receiving  group,  and  from  the  receiving  group  center  to 
the  receiver.  All  these  translations  can  be  carried  out  efficiently  by  representing  all  fields  in 
terms  of  a  plane  wave  basis.  The  plane  wave  basis  is  suitable  for  translating  fields  as  it  gives  rise 
to  diagonal  translation  operators.  In  other  words,  when  relying  on  the  fast  multipole  method,  the 
interaction  between  two  basis  frmctions  can  be  represented  as 


j,(r),G^(r,r')j,(r)) 


r(k;„r„r,) 
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In  Eq.  (1),  the  outer  integration  is  over  all  real  k/,  vectors  that  characterize  homogeneous  plane 
waves  propagating  away  from  the  structure  under  study.  Also,  r,.  and  r,  denote  the  center  of  the 
receiver  and  source  group,  respectively,  and  Gf{r,Y')  denotes  the  free  space  Green’s  function. 
Finally,  r(k;,,r^,r^)  is  the  diagonal  plane  wave  translator  from  the  source  to  the  observation 
sphere. 

Unfortunately,  the  above  described  technique  for  computing  receiver  fields  only  applies  to  non¬ 
overlapping  source  and  observer  groups;  Hence,  all 
“near-field”  interactions,  i.e.,  interactions  between 
sources  and  observers  that  reside  in  the  same  or  in 
neighboring  groups  are  always  accounted  for  using 
classical  MOM  techniques. 

By  nesting  a  smaller  problem  within  a  larger  one,  the 
Multilevel  Fast  Multipole  Algoritlim  (MLFMA)  is 
obtained.  The  MLFMA  is  characterized  by 

0{N^\ogNg)  computational  complexity  per  iteration 
and  memory  requirements.  The  MLFMA  uses  the  two- 
level  fast  muitipole  method  as  a  primitive  and 
transitions  between  distinct  levels  in  the  multilevel  tree 
structure  are  effected  through  interpolation  and 
anteipolation  operators.  We  have  implemented  this 
algoritlim  in  two  and  three  dimensions,  and  the  resulting 
codes  are  capable  of  analyzing  arbitrarily  shaped 
conductor  systems  comprised  of  surfaces  and  wires.  To 
date,  FISC  MLFMA  technology  has  been  primarily 
applied  to  the  analysis  of  large-scale  scattering 
phenomena.  As  an  example,  Figui'e  1  shows  the  surface  cmrents  on  a  car  illuminated  by  a  plane 
wave  at  1  GHz. 


83  Camaro  Model,  f  =  1  GHz,  V-pol. 


Figure  1.  Surface  currents  on  a  car 
illuminated  by  a  plane  wave  at  1  GHz 


THE  STEEPEST  DESCENT  FAST  MULTIPOLE  METHOD 

Although  the  aforementioned  MLFMA  permits  a  very  efficient  analysis  of  radiation  and 
scattering  from  arbitrarily  shaped  structures,  further  savings  are  possible  if  the  application 
domain  is  restricted  to  the  class  of  quasi-planar  structures.  The  SDFMM  is  a  multilevel  solver 
that  permits  the  rapid  analysis  of  radiation  and  scattering  from  microstrip  traces  and  patches. 
The  SDFMM  is  in  spirit  identical  to  the  above-described  MLFMA  [8,9].  However,  the  SDFMM 
exploits  the  quasi  planarity  of  a  microstrip  structure  to  further  accelerate  the  solution  process. 
This  is  achieved  by  casting  terms  arising  in  a  MOM  matrix-vector  product  in  the  form  of  discrete 
inhomogeneous  plane-wave  expansions,  as  opposed  to  a  homogeneous  plane  wave  expansion  for 
the  MLFMA.  This  representation  arises  from  a  representation  of  the  pertinent  Green's  function 
along  a  steepest  descent  path  and  from  the  use  of  the  fast  multipole  method  in  the  transverse 
plane.  The  difference  w.r.t.  the  standard  MLFMA  lies  in  the  use  of  complex  wave  vectors  and  a 
modified  translator  operator.  These  modifications  result  in  significant  CPU  cost  and  memory 
savings  over  the  standard  MLFMA.  Indeed,  the  computational  cost  and  memory  requirements  of 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


MMET’98  Proceedings 


95 


the  SDFMM  scale  asO(iV,),  as  opposed  to  0(A^,logiV,)  in  the  standard  MLFMA.  Other 
FMM-like  approaches  for  analyzing  microstrip  structures  are  described  in  [10,11]- 

We  have  developed  a  general  purpose  SDFMM  solver,  capable  of  analyzing  a  large  class  of 
quasi-planar  microstrip  structures  that  reside  on  a  finite  substrate  and  ground  plane.  This  solver 
is  based  upon  a  multiregion  MOM  formulation  that  features  both  electric  and  magnetic  surface 
currents.  These  currents  model  fields  tangential  to  perfectly  conducting  microstrip  elements  as 
well  as  those  tangential  to  penetrable  substrate  interfaces.  The  code  can  handle  not  only  surface 
elements,  but  also  accommodates  bond  wires  and  probe  feeds  [12]. 


Figure  2:  (a)  7  by  7  array  of  microstrip  patches  residing  on  a  finite  substrate  and  ground  plane.  A  probe  feed 
connects  each  patch  to  the  ground  plane,  (b)  Radiation  pattern  of  the  7  by  7  ai  ray  shown  in  (a). 

The  SDFMM  permits  the  analysis  of  scattering  and  radiation  from  extremely  large  and  complex 
structures  within  realistic  times.  To  illustrate  the  capabilities  of  our  SDFMM  solver,  consider  the 
7  by  7  array  of  microstrip  patches  shown  in  Figure  2.  Each  patch  is  probe  fed  (in  phase). 
Equivalent  currents  on  the  patches,  probes,  and  on  the  ground  plane  and  the  penetrable  interfaces 
are  modeled  using  A/=92,280  unknowns.  Figure  3  shows  the  pattern  of  the  array  computed  using 
the  SDFMM.  To  date,  the  SDFMM  has  been  applied  to  microstrip  structures  modeled  in  terms 
of  as  many  as  130,000  unknowns. 


TIME  DOMAIN  FAST  MULTIPOLE  METHODS:  PLANE  WAVE  TIME  DOMAIN 

SOLVERS 

Recently,  we  have  developed  a  fast  time-domain  integral  equation  solver  [14].  This  fast  solver 
permits  the  rapid  analysis  of  transient  scattering  and  radiation  phenomena  involving 
electromagnetically  large  surface  structures  and  can  be  considered  the  time-domain  analogue  of 
the  frequency  domain  multilevel  fast  multipole  solver  described  above.  The  cost  associated  with 
the  electromagnetic  analysis  of  a  surface  structure  that  is  modeled  in  terms  of  v,  spatial 
unknowns  for  a  total  duration  of  N,  time  steps  scales  as  0(NiN^  log  using  the  new  solver, 
as  opposed  to  O(NiN^)  for  classical  time  domain  integral  equation  algorithms.  The  solver 
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derives  its  optimal  scaling  properties  from  a  time  domain  plane  wave  representation  of  the 
scattered  fields,  which  is  exploited  through  a  multilevel  divide  and  conquer  framework.  This 
representation  naturally  gives  rise  to  windowed  diagonal  translation  operators.  These  translation 
operators  require  convolution  of  polynomial  translation  functions  with  the  transient  plane  wave 
spectrum  of  the  source  distribution,  characterized  in  terms  of  the  source’s  slant  stack  transform. 
To  date,  the  technique  has  been  applied  to  the  analysis  of  acoustic  and  electromagnetic  scattering 
from  large,  three-dimensional  surfaces.  The  application  of  the  solver  to  the  analysis  of 
broadband  wire  antenna  structures,  nonlinear  phenomena,  and  electromagnetic  compatibility 
problems  is  being  studied. 


(a)  (b) 


Figure  3.  (a)  Electromagnetic  RCS  of  a  NASA  almond,  comparison  between  PWTD  (frequency  domain 
parameters  extracted  from  time  domain  solver)  and  FISC,  (b)  temporal  fields  on  top  of  a  rectangular 
cylinder,  comparison  between  classical  time  domain  integral  equation  and  PWTD  results. 

CONCLUSIONS 

This  paper  described  three  different  multilevel  integral  equation  solvers;  The  MLFMA,  the 
SDFMM,  and  the  PWTD.  The  MLFMA  is  suited  for  analyzing  scattering  and  radiation  from 
electrically  large,  arbitrarily  shaped  structures.  The  SDFMM  constitutes  an  MLFMA  variant 
designed  to  accelerate  the  analysis  of  electromagnetic  phenomena  involving  quasi-planar 
structures,  e.g.,  rough  surfaces,  optical  gratings,  and  large-scale  microstrip  structures  residing  on 
finite  ground  planes.  Finally,  the  PWTD  schemes  are  extensions  of  the  MLFMA  to  the  time 
domain.  Hence,  the  PWTD  permits  the  broadband  characterization  of  scatterers  and  radiators 
and  is  applicable  to  the  analysis  of  nonlinear  phenomena. 
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Demonstrated  here,  are  the  periodical  knife-types  gratings  always  having  the  waveguiding 
properties.  Discovered  here,  are  the  existence  criteria  of  the  waveguiding  properties  of 
periodic  plate  grating  for  different  waveguiding  modes.  Dispersion  relations  are  obtained  and 
investigated,  pass  and  stop  bands  are  determined.  The  asymptotic  form  of  dispersion  relations 
at  the  infinite  increase  of  a  grating  elements  sizes  and  the  wave  number  decrease  was  derived. 
The  anomalous  oscillations  near  the  periodic  plate  gratings  are  discovered  and  investigated.  It 
was  proved,  that  such  oscillations  always  exist.  The  influence  of  the  geometric  characteristics 
and  khife-type  grating  mode  on  the  oscillation  frequency,  number  and  type  of  waveguiding  and 
cycle  modes  was  investigated.  Wa  veguiding  and  cycle  modes  of  oscillations  are  classified  by 
groups  of  allowed  symmetries  of  a  problem.  The  comparison  with  known  experimental  and 
numerical  study  was  carried  out. 

Waveguiding  property  is  an  existence  of  the  generalized  eigen  function  of  the  corresponding 
selfadjoint  extention  of  the  Laplace  operator,  localized  in  the  vicinity  of  periodic  structure. 
Investigation  of  the  waveguiding  properties  is  embarrassed  with  those  fact,  that  the 
corresponding  selfadjoint  extensions  of  the  Laplace  operator  have  the  continuous  spectrum 
filling  in  all  the  positive  semi-axis. 

An  existence  of  the  waveguiding  properties  of  the  periodic  knife-type  grating  was  proved  in 
paper  [1]  for  large  enough  sizes  of  grating  elements.  The  approximated  investigations  of 
waveguiding  properties,  dispersion  conditions,  type  of  waveguiding  functions  are  in  [2,  3],  in 
these  papers  one  can  also  see  the  flither  bibliography. 


Formulation  and  symmetry  properties  of  the  problem 

If  another  is  not  fixed,  then  it  is  supposed,  that  all  the  profiles  of  grating  elements  are  consisted 
of  straight  line  segment,  all  elements  are  parallel  with  each  other,  periodically  repeated  and 
perpendicular  to  the  periodicity  direction.  Such  gratings  are  of  khife-type  periodic  strip  grating. 
Grating  types  and  corresponding  terminology  are  on  Fig.  1 . 
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Fig  1.  Grating  types  of  khife-type  periodic  strip:  I  -  simple,  II  -  composed,  III  -  double, 

IV  -  corresponding  termonology. 
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The  steady-state  oscillations  near  the  grating  are  described  by  the  u(x,y)  function  whose 
physical  content  is  determined  by  the  investigated  problem 

^xx  '^yy 

du/dh  =  0  onG. 

Here  X  is  considered  to  be  the  nondimensional  frequency  of  oscillations,  easier  to  commit  to 
paper  it  is  supposed,  that  X>0  If  O),  Lp,  H  -  are  the  natural  frequency  of  oscillations,  naiural 
length  of  the  grating  element  and  natural  period  of  grating  correspondingly,  then  for  the 
corresponding  nondimensional  magnitudes  expressions  X=(oH/c,  L=Lp/H  are  correct,  the 
dimensional  period  of  grating  in  nondimensional  variables  equals  to  1 .  In  any  bounded  area  Ob, 
which  is  the  subarea  of  whole  domain  of  oscillations  fi,  the  next  condition  of  local  finity  ot 
oscillation  energy  should  be  fulfiled 

E(u,Qb)=  j[uV(Vu)^]dQb<co, 

Qb 

E(u,Qb)  is  the  nondimensional  energy  of  oscillations  in  the  area  Qb. 

Operator  A  is  invariant  under  any  symmetries  of  space,  so  the  grating  symmetry  will 
determine  the  symmetry  of  corresponding  boundary  problem. 

As  the  symmetry  group  of  the  one-dimensional  periodic  structure  obligatory  consists  the  sub¬ 
group  T  of  translations  along  the  y-axe,  so  only  the  next  non-trivial  sub-groups  of  the  allowed 
symmetry  group  are  possible!  Di  is  the  dihedron  group  with  one  axe  of  bilateral  symmetry.  Thv 
next  two  types  of  bilateral  symmetry  are  possible:  Dj  axe  of  bilateral  symmetry  is  parallel  to 
axe  x;  D[  axe  of  bilateral  symmetry  is  parallel  to  axe  y;  D2  is  the  dihedron  group  (with  two 

axes  of  bilateral  symmetry);  C2  is  the  rotation  group  by  %  angle,  is  the  group  ot  gliuing 
symmetry.  Symmetry  of  plate  grating  permits  an  expansion  of  the  allowed  solution  space  in 
invariant  subspaces  by  transformation  of  this  group  of  symmetry. 

As  group  of  translations  T  is  commutative  and  its  representation  x(T)  in  the  space  of  allowed 
solutions  of  problem  is  unitary,  so  the  space  of  solutions  can  be  expanded  in  invariant  one¬ 
dimensional  subspaces  by  group  T.  Functions  u(x,y)  belonging  to  these  subspaces  satisfies,  the 
condition  u(x,y+l)=e'^u(x,y)  and  consequently  are  as  the  next: 

u(x,y)  =  e‘^='v(x,y),  v(x,y  +  1)  =  v(x,y). 

Waveguiding  properties 

Definition  1.  Waveguiding  function  of  a  problem  is  the  generalized  eigen  fonction  localized  bi 
the  vicinity  of  plate  grating.  Corresponding  frequency  is  called  the  waveguding  frequency. 

Classification  and  type  of  waveguiding  functions. 

Definition  2.  If  a  one-directionaily  periodic  structure  has  the  D(  -  type  ^mmetiy,  ther  the 
even  (symmetrical)  and  uneven  (antisymmetiical)  functions  with  respect  to  variable  x  will  ae 
named  a  and  P  waveguiding  modes  correspondingly.  Waveguiding  fimctioh  is  a  ot  P  mode. 

With  the  help  of  discrete  isometric  transform,  the  group  of  grating  symmetry  space  of 
admissible  solutions  has  been  restricted  and  the  existence  of  guiding  and  anomalous  waves  has 
been  proved.  Pass  bands  modes  have  been  classified  with  the  help  of  grating  symmetry  group. 
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Existence  of  the  wavequidinq  property. 

To  investigate  the  existence  of  waveguiding  eigen  frequencies  the  “D-N  fork”  method  was 
used  [3],  The  following  theorem  was  proved. 

Theorem  /,  The  simple  knife-type  grating  always  has  the  waveguiding  property.  ; 

Composed  and  double  gratings  G  can  be  considered  as  the  disturbance  of  simple  knife-type 
grating  Gi,  caused  by  a  disposition  of  the  additional  elements  of  grating  G2. 

Theorem  2.  Composed  and  double  gratings  G  always  have  the  waveguiding  property  for  any 
profile  lengths  and  non-xero  values  of  parameter 

Dispersion  relations.  ^ 

Dimensionless  waveguiding  frequency  X  are  the  function  of  wave  number  parameter  these 
dependences  are  so-called  dispersion  correlations.  For  large  sizes  of  grating  elements  the 
approximated  dispersion  relations  are  presented  in  [5].  In  the  present  work  these  relations  are 
presented  for  the  commiting  to  be  entire  and  being  defined  more  precisely. 

Exact  dispersion  relations  for  waveguiding  frequencies  and  corresponding  wave  numbei  s  of 
the  problems  are  impossible  to  be  written  down,  even  as  implicit  ones.  However,  it  is  possible 
to  indicate  some  their  approximations. 
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Here  N  is  natural  number,  \]/( )  is  the  logarithmic  derivate  of  Gamma  function.  Numerical  and 
theoretic  results  allow  making  the  next  statem.ent: 


Statement,  For  any  lengths  L  of  the  knife-type  grating  elements  the  finite  numbe"  of 
waveguiding  modes  exists, 


The  above  statements  refine  and  correspond  with  results  obtained  by  other  methods  and  a!  the 
"physicar'-strict  level  of  rigorousity  [5]. 

At  the  infinite  lengthening  of  grating  elements  the  dispersion  relation  allow  determination  the 
behavior  of  waveguiding  frequencies  (k=l  ...  K)  of  problem  for  piiraar 

waveguiding  modes.  Statements  where  y  is  the  Euler  constant  and  L»1  are  correct: 
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For  the  primar  waveguiding  mode  for  ^«1  the  next  expression  follows  from  dispersion 
relations:  A,^’^(^)  =  ^  +  (21n(2)-L7i)^^/7c^ . 
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This  describes  the  dependence  of  waveguiding  frequencies  of  primar  mode  on  the  oscillation 
phase  shear  in  the  neighbouring  fundamental  areas  of  the  translation  group.  This  expression  is 
correct  for  those  suppositions  in  whose  framework  the  dispersion  relations  are  obtained. 

Anomalous  properties. 

The  statement  about  the  existance  of  waveguiding  property  is  proved  only  for  the  non-zero 
phase  shear  of  oscillations  (^^0)  in  the  neighbouring  fundamental  areas  of  the  translation 
group.  In  this  connection  the  question  arises,  if  the  generalized  eigen  fiinctions  of  problem 
exist,  localized  in  the  vicinity  of  simple  knife-type  grating  with  the  periodicity  condition 
correlating  with  the  zero  shear  of  oscillation  phase  in  the  neighbouring  fiindamental  areas  of 
the  translation  group?  The  answer  to  this  question  is  positive. 

Definifion  3.  Generalized  eigen  functions  (frequencies)  of  problem  with  the  periodicity 
condition  localized  in  the  vicinity  of  knife-type  glaring,  will  be  named  filths  an  anomalous 
frinctions  (frequencies)  of  the  problem.  If  the  one-directional  periodical  structure  has  a 

s^nmetry  of  the  D[  -  type,  then  even  or  uneven  by  a  variable  x  anomalous  frinctions  will  be 

named  y  or  5  anomalous  modes  cxirrespondingly. 

For  waveguiding  and  anomalous  oscillation  frequencies  near  the  simple  knife-type  grating  the 
next  system  of  inequalities  is  correct;  ai(4)<3i(0'^.  .<0(.k(O<Pk(O<--  ■•<ym<Sm^27t. 

Here  ak(0,  Pk(^),  Tm,  5m.  are  frequencies  of  corresponding  mode.  The  numeration  is  given 
according  to  the  frequencies  increase. 

Existence  of  the  anomalous  property  of  simple  grating. 

Lemma  Non-trivial  anomalous  functions  of  problem,  even  by  an  axe  passing  through  some 
profile  of  plate  grating  do  not  exist.  Anomalous  function  of  problem  is  uneven  by  every  axe 
parallel  to  the  abscissa  axe  and  passing  through  point  of  symmetry  of  the  dihedron  group  of  the 
problem. 


The  statements  formulated  in  the 

1  r  ?  '  1  !  I  +  *  +  1  1  +  !  “  ' 

lemma  allow  pointing  out  signatures 

;  +  ;  +  ! 

of  the  waveguiding  mode  a  and  fr  and 

a  P  >  6 

anomalous  modes  y  and  6  in  inter- 
orofile  channel,  nresented  on  Fie.  2. 

Fig  2 

Theorem  3.  Non-trivtal  anomalous  frequencies  and  anomalous  frinctions  of  problem  exist  for 
any  profile  len^hs  of  the  simple  knife-type  grating,  anomalous  frequencies  belong  to  the 
interval  (x,  2k), 

Existence  of  the  anomalous  property  of  composed  grating. 

Composed  and  double  plate  gratings  can  be  considered  as  the  disturbance  of  a  simple  grating. 
In  the  common  case  they  allow  more  restricted  group  of  symmetries  then  the  simple  grating. 
That's  why  the  method  of  restriction  the  allowed  class  of  solutions,  based  on  symmetiy'  of  the 
problem  can  not  be  applied  to  prove  the  existence  of  anomalous  oscillations  near  the  simple 
knife-type  grating. 

If  solution  u*  of  the  problem,  localized  in  the  vicinity  of  grating  exists,  then  for  all  values  X  it 

should  satisfy  the  nesessary  condition  |e?q)(ixA)u*dQ)  =0^  which  will  be  fulfiled  if  and  only  it 

Qq 
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for  all  values  x  the  identity  Ju*(x,y)dy  =  0  is  correct,  Qo  -  is  the  fundamental  domain  of  the 

0 

translation  group  T.  With  the  help  of  these  condition  the  following  theorem  was  proved. 

Theorem  4.  Composed  (double)  grating  has  the  anomalous  property.  If  length  L*  of  common 
part  of  simple  knife-type  gratings  Qt  and  (j^,  composing  G  does  not  equal  to  xesro  (L  then 
anomalous  oscillation  frequencies  belong  to  the  interval  (0,  2tt).  If  L  "0  (double  grating),  then 
anomalous  frequencies  belong  to  the  interval  (it,  271:). 

Fine  structure  of  the 
spectrum. 

The  carried  out 
investigations  of 
anomalous  oscillation 
frequencies  allow  an 
elaboration  of  fine 

structure  of  the  spectrum  of  problem  for  the  simple  knife-type  grating  of  plates.  By  the 
existence  theorems  of  waveguiding  and  anomalous  modes  of  oscillations  the  spectrum  ot 
problem  always  consists  at  least  one  pass  band  for  the  ql\  mode  and  the  anomalous  oscillation 

frequency  for  the  yi  mode.  Presented  on  Fig.  3,  is  the 
scheme  of  fine  structure  of  the  problem  spectrum  in 
terms  of  nondimensional  frequencies  of  oscillations.  It  is 
nesessary  to  point  out,  that  for  every  pass  band  the 
mode  (a  or  fi)  of  corresponding  waveguiding  function 
and  a  pass  band  type  is  determined.  Types  of  pass  bands 
and  anomalous  frequencies  alternate.  The  dependence  ot 
the  geometrical  properties  of  gratings  on  guiding 
phenomena  has  been  culculated  (Fig.  4). 

Type  of  anomalous  functions.  Oscillation  physics. 

Oscillation  physics  near 
the  knife-type  grating  of 
plates,  described  by  waverguiding  functions  is  known  [5]  and 
correlates  with  mechanic  analogues,  discrete  chains  of  coupled 
oscillators.  This  can  not  be  said  about  anomalous  oscillations. 

To  clarify  their  oscillation  physics  it  is  nesessaiy  to  investigate 
the  outlook  of  anomalous  functions.  Presented  on  Fig.  4  for  the 
case  L=2,  are  the  velocity  field,  level  lines  and  pressure  field  for 
modes  yi,  5i,  y2  of  anomalous  oscillations  in  interprofile 
channel  0<y<l.  It  is  nesessary  to  point  out,  that  velocity  field 
flow  from  one  interprofile  channel  into  another  one  doesn't 
happen  as  distinct  from  waveguiding  oscillations. 

From  Fig.  5  it  is  possible  to  understand  the  mechanical 
analogue  of  anomalous  modes,  these  are  oscillations  of  some 
cormected  chains  of  connected  oscillations.  Despite  of  this 
mechanic  analogue  being  approximated,  it  allows 
understanding  the  oscillation  physics:  yi  are  synphase 
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oscillations  of  one  chain,  6i  are  synphase  oscillations  of  two  connected  chains  (chains  oscillate 
in  antiphase  about  each  other),  72  are  synphase  oscillations  of  three  connected  chains.  It  is 
nesessary  to  point  out  the  considerable  difference  of  anomalous  oscillations  near  the  plate 
grating  from  synphase  oscillations  of  chain  of  connected  oscillators. 

Comparison  with  experimental  Investigations 

It  is  nesessary  to  remark  that  [3]  and  later  [2]  pioneered  in  investigating  the  dependence  of 
waveguiding  frequencies  on  geometrical  parameters  of  the  knife-t5q)e  plates  in  appliance  to 
electromagnetic  waves.  Theoretical  and  experimental  investigations  of  acoustic  resonance  and 
waveguiding  phenomena  near  plates  in  the  channel  and  cyclic  gratings  of  plates  were 
performed  independently  but  later,  a  comparison  with  the  previously  obtained  results  was  not 
undertaken. 

Experimentally  investigated  in  [5,  6],  are  the  acoustic  eigen  oscillations  near  the  plate 
gratings  in  a  channel,  allowing  simulation  in  the  framework  of  the  two-dimensional  fomulation 
of  the  problem  and  simulating  the  cyclic  grating  (the  "mirror"  effect  [6]  is  appliable).  The 
experimental  results  [5]  are  presented  in  table  1  of  paper  [7].  Performed  on  this  base,  is  the 
comparison  of  experimental  data  and  numerical  investigations  of  disperse  relations 
dependences  of  anomalous  oscillation  frequencies  on  geometric  grating  parameters.  The 
comparison  with  experimental  and  numerical  investigations  are  shown  on  Fig.  5.  The 

experimentally  obtained  results  [7],  which  are 
nondimencional,  are  marked  with  box,  continuous 
curves  are  the  numerical  results,  obtained  with  the 
help  of  dispersion  relations.  The  satisfactory 
coinciding  of  the  results  can  be  remarked. 

Unsolved  problems.  The  author  is  not  aware,  if 
waveguiding  or  anomalous  frequencies  of  problem 
more  then  2tz  exist  or  not.  As  eigen  oscillations  are 
always  connected  to  the  latent  symmetry  of  the 
problem,  so  on  the  basis  of  the  carried  out 
investigation  it  is  possible  to  advance  the  next 
hypothesis:  waveguiding  and  anomalous 

frequencies  of  the  simple  knife-type  grating  higher 
then  2%  do  not  exist. 

References: 

[1] .  Sukhinin  S.V.  Waveguide  effect.//PMTF.-1989.-No  2,  p.  92-102. 

[2] .  Mittra  R.,  Lee  S.  Analitical  methods  of  waveguide  theory. 

[3] .  Brillouin  L.  Parodi  M.  Propagation  des  ondes  dans  les  mileux  periodiques,  1956., 

[4] .  Reed  M.,  Simon  B.  Methods  of  modern  mathematical  physics.  V.  4,  Academic  press. 

[5] .  Parker  R.  Resonance  Effects  in  Wake  Shedding  from  Parallel  Plates,  Some  Experimental 
Observations.//  Journal  of  Sound  and  Vibration,  V.  4,  N.l,  1966,  pp.  62-72. 

[6] .  Cumpsty  N.A.,  Whitehead  D.S.  The  Excitation  of  Acoustic  Resonances  by  Vortex 
Shedding.//  Journal  of  Sound  and  Vibration,  V.  18,  N.3,  1971,  p.  353-369. 

[7] .  Parker  R.  Resonance  Effects  in  Wake  Shedding  from  Parallel  Plates;  Calculation  of 
Resonant  Frequencies.//  Journal  of  Sound  and  Vibration,  V.  5,  N.2,  1967,  p.  330-343. 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


104 


MMET’98  Proceedings 


THE  COST  OF  PLEASURE: 

ABOUT  SOME  CATASTROPHES  IN  TIME-HARMONIC 
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The  paper  is  concerned  with  a  review  of  several  situations  taking  place  in  the  time- 
harmonic  wave  scattering  when  solutions  to  certain  wave  scattering  prob¬ 

lems  do  not  exist.  Each  of  these  situations  is  closely  tied  to  the  violation  of  solution 
uniqueness,  due  to  a  presence  of  an  eigenvalue,  in  terms  of  either  natural  frequency  or 
propagation  constant,  simple  or  multiple,  coinciding  with  the  corresponding  parameter 
of  the  excitation  field.  Then  the  reason  of  solution  non-existence  can  be  easily  under¬ 
stood  based,  for  example,  on  the  Fredholm  Alternative  [1,2].  From  the  physical  point 
of  view,  the  mentioned  catastrophes  are  always  a  result  of  joint  action  of  several  major 
assumptions,  such  as  harmonic  time-dependence,  absence  of  losses  or  nonlinearities,  and 
infinite  extention  of  the  scatterer.  Thus,  a  loss  of  solution  existence,  at  certain  discrete 
values  of  parameters,  is  the  cost  of  the  pleasure  of  working  with  a  simplified  problem. 

1.  The  first  of  the  considered  situations  occurs  when  attempting  to  analyze  the 
scattering  of  time-harmonic  waves  from  so-called  "active”  scatterers.  The  latter  are  the 
dielectric  or  impedance  objects  characterized  by  a  negative  absorption.  This  is  commonly 
done  by  introducing  a  complex- value  dielectric  constant  with  a  negative  imaginary  part, 
or  a  surface  impedance  with  a  negative  real  part  [3].  Such  a  scatterer  can  be  considered 
as  an  approximate  model  of,  e.g.,  a  light-emitting  particle  in  the  inversed  population 
conditions,  provided  that  one  neglects  the  effect  of  saturation  due  to  non-linear  character 
of  the  light  emission.  The  study  of  the  scattering  behavior  of  active  objects  has  attracted 
attention  since  the  late  70’s,  due  to  a  simplicity  of  analysis  and  an  opportunity  to  use 
all  the  experience  accumulated  before  when  studying  the  scattering  from  the  lossy  and 
passive  objects.  In  the  previous  works  it  has  been  noted  a  variety  of  exotic  features 
of  active  scatterers,  like  "invisibility”,  negative  scattering  and  extinction  cross-sections, 
and  oxtraordinarly  sharp  resonances  [3]. 

However,  if  looking  closely  at  the  mathematical  formulation  of  the  problem,  one  may 
notice  that  a  negative  absorption  leads  to  the  violation  of  the  conditions  that  guarantee 
the  solution  uniqueness,  and  hence,  its  existence.  In  fact,  the  presence  of  a  negative  loss 
shifts  the  complex  natural  frequendes  of  a  formerly  passive  scatterer  towards  the  real 
axis  in  the  complex  fc-plane.  It  may  even  happen  that  one  of  them,  say  Ajq)  comes  to  the 
real  ib-axis.  Then  the  solution  will  not  exist  at  this  frequency  due  to  a  pole  of  the  field 
function.  In  the  pole’s  vidnity  the  far-field  scattering  pattern,  the  surface  current,  etc., 
can  change  drastically  due  to  a  small  variation  of  the  frequency.  The  situation  described 
above  is  illustrated  by  the  known  results  for  an  active-dielectric  cylindrical  particle  and 
an  active- resistivity  reflector  antenna.  It  is  emphasized  that  turning  to  the  transient 
scattering  results  in  a  formally  unique  solution,  but  showing  a  non-physical  behavior  of 
the  unlimited  growth  in  time.  Hence  the  conclusion  is  that  there  is  no  much  (if  any) 
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sense  in  studying  the  scattering  problem  for  an  active  object.  Instead,  there  is  a  more 
clear  sense  in  a  search  of  the  conditions  for  a  natural  frequency  to  turn  real,  by  solvmg 
an  eigenvalue  problem  of  a  special  sort. 

2.  The  second  catastrophical  situation  occurs  when  considering  an  mfinitely  ex¬ 
tended  open  structure  able  to  support  a  natural  guided  surface-wave  mode  ^cited  by 
a  surface-wave  incident  field.  The  latter  can  be  originated  by  a  modulated  electron  flow 
or  by  a  dielectric-slab  waveguide,  and  is  assumed  to  be  fixed,  i.e.  experience  a  negligible 
influence  of  the  scatterer.  Such  problems  appear,  e.g.,  in  the  linear  theories  of  vacuum 
electron  oscillators  like  BWO  and  orotron,  and  the  Cherenkov  laser.  However,  if  studmg 
the  matter  of  solution  uniqueness,  one  sees  that  the  presence  of  a  natural  gmded  mode 
leads  to  the  existence  of  a  pole  ho  >  ^  on  the  real  axis  of  the  h^plane,  h  being  the 
longitudinal  wavenumber.  When  the  incident  field  wavenumber  h*"  >  fe  and  comes  to 
a  pole,  the  solution  does  not  exist.  The  situation  is  illustrated  by  a  surface-wave  exci¬ 
tation  of  a  regular  dielectric  slab  as  the  simplest  open  waveguide.  Periodic  wave^ide 
excitation  is  also  discussed.  It  is  known  that  groove  gratings  and  other  types  of  periodic 
structures  can  support  non-attenuating  natural  modes  propagating  along  the  direction 
of  periodicity  [4].  When  trying  to  solve  the  problem  of  excitation  of  groove  grating  by 
a  periodically-modulated  electron  flow,  whose  velocity  is  naturally  lower  than  the  light 
velocity,  one  comes  to  the  non-existence  of  solution  in  the  case  of  smchromzation.  Intr^ 
during  the  losses  shifts  the  h-poles  off  the  real  axis,  thus  returning  the  situation  to  the 
existence  of  a  unique  solution.  However,  in  general,  it  appears  that  the  problem 
be  re-considered  as  an  eigenvalue  problem  for  the  natural  modes  of  a  more  complicated 
open  structure  consisting  of  a  pair  of  interacting  infinite  waveguides. 

3.  The  third  kind  of  catastrophe  due  to  solution  non-  uniqueness  is  observed  if  a  local 
scatterer  or  a  source  is  embedded  in  a  waveguide  able  to  support  not  only  the  natural 
guided  modes,  but  also  associated  guided  modes.  The  latter  may  appear  due  to  ttie 
multiple  roots  of  the  dispersion  equation.  Then  the  Fourier-transform  of  the  solution 
has  a  multiple  pole  at  the  real  axis  of  the  ft^plane.  However,  neither  a  ’’parent  natural 
guided  mode  nor  the  associated  guided  modes  of  the  corresponding  finite  chain  carry  any 
power.  This  eliminates  the  only  reasonable  way  to  determine  the  sign  of  the  COTrespond- 
ing  wavenumber.  Hence,  there  is  no  way  to  extract  out  a  physically  meaningful  unique 
solution  of  a  lossless-waveguide  scattering  problem  [5].  To  avoid  this,  one  has  either  to 
switch  to  the  transient  scattering  or  to  introduce  the  losses. 
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Beam-Propagation  Method  (BPM)  is  now  a  widely  used  tool  for  computer  simulation  of  light 
propagatioa  in  transparent  media  including  qjtical  waveguiding  structures.  The  method  was  introduced 
in  1976  by  Fleck,  Morris  and  Feit  for  modelling  of  laser  beam  propagation  in  non-homogeneous 
atmosphere  [1].  In  1979-1980  the  method  was  adopted  by  Feit  and  Fleck  for  modelling  of  li^t 
propagation  in  optical  waveguides  in  a  series  of  papers  in  Applied  Optics  [2,  3,  4],  Since  then,  the 
meAod  has  been  successfully  applied  to  analyze  various  optical  waveguide  structures,  including  glass 
fibres  and  integrated  C5)tic  waveguides. 

The  paper  reports  some  recent  activities  in  BPM  modelling  of  light  propagation  in  optical  waveguides 
that  have  been  carried  out  in  the  fi'amework  of  COST  240  European  Project:  Techniques  for  Modelling 
and  Measuring  Advanced  Photonic  Telecommunications  Components,  Working  Group  2,  Waveguide 
Devices.  In  particular,  the  results  of  an  investigation  of  a  guide  with  a  balance  of  gain  and  loss  has  been 
r^orted,  and  a  model  for  simulation  of  Second  Harmonic  Generation  (SHG)  process  in  optical 
waveguides  is  presented. 

The  author  acknowledges  the  co-operaticai  and  fhiitfiil  discussions  with  his  colleagues  from  COST 
240  Project.  He  also  wishes  to  express  his  special  thanks  to  COST  240  Chairman,  prof  George  Guekos 
from  ETH  Zurich,  Switzerland.  The  support  of  COST  240  activities  by  General  Department  DG  XIII 
of  the  European  Commission  in  Brussels  is  kindly  acknowledged. 

I.  BPM  AN.^YSIS  OF  A  PLANAR  WAVEGUIDE  WITH  A  BALANCE  OF  GAIN  AND  LOSS 

The  problem  of  light  propagation  in  a  planar  waveguide  with  a  balance  of  gain  and  loss  of  a  geometry 
as  in  Fig.l  has  been  proposed  by  Hans-Peter  Nolting  [5],  and  formerly  has  been  analyzed  with  the 
eigenmode  formalism  through  foe  use  of  programs  resolving  numerically  wave  equation  like  Mode 
Solver.  Thai  foe  interest  has  been  shifted  to  BPM  studies  of  foe  problem  starting  with  foe  results  of 
BPM  simulation  of  foe  structure  by  foe  author  of  this  paper  [6].  BPM  wfoich  is  a  nonmodal  method  can 
serve  very  well  for  foe  purpose  of  modeling  phenomena  of  light  propagation  in  such  waveguides.  A 
BPM  benchmark  test  for  waveguide  problem  with  a  balance  between  loss  and  gain  has  been  proposed 
[7]  and  its  results  are  reported  below. 

A.  Light  propagation  in  a  waveguide  with  gain  and  loss 

The  waveguide  structure  of  interest  is  shown  in  Fig.  1:  two  layers  with  mutually  complex  conjugate 
refractive  indices  are  surrounded  with  a  medium  of  a  slightly  lower  real  refractive  index.  The  exact 
values  of  all  parameters  are  given  in  Tab.  2.  The  imaginary  parts  of  reflective  indices  of  guiding  layers 
vary  in  a  very  broad  range:  in  terms  of  foe  power  absoiption  (gain)  coefficient  a,  between  zero  and 
±10'^  cm'V  The  wavelength  A,=1.55pm  is  assumed. 
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Fig.  1.  The  geometry  of  a  two-layer  waveguide  with  gain  and  loss 


B.  Notation 

The  attenuation  or  ampUfication  of  light  propagating  in  a  transparent  medium  may  be  accounted 
for  via  a  complex-valued  refractive  index 

n  =  n'-in" 


and  a  complex  relative  permittivity 


s  =  n'  =  e'-is" 


The  relation  between  the  power  absorption  (gain)  coefficient  a  and  the  imaginary  part  of  refractive 


index  is 


,  ^-4 

xlO 

47C 


where  a  is  in  cm*’  and  X  is  in  pm. 

Dispersion  equation  of  the  waveguide  was  numerically  solved  in  the  complex  plane  by  the 
Newton  method  [7].  The  calculated  dependencies  of  real  and  imaginary  parts  of  effective  refractive 
indices  versus  the  absorption  coefficient  ct  are  plotted  in 

Fig.  2. 


Absorption/gain  coefficient  a  [*103  cm-'’] 


Fig.  2.  Effective  refiactive  indices  Re{Nef}  (a) 
and  a,j=(4ii/K)Im{7V.^}  (b)  versus 
attenuation/amplification  coeffici^t  a 

a)  for  a  <  awh :  lossless  modes, 

b)  for  a  =  awh :  one  degaierate  lossless  mode, 

c) fora>  tttamoh ;  the  an^lified  mode  is 
ccaicentrated  mainly  in  the  region  with  gain,  while 
the  attenuated  mode  is  ccmcOTtrated  mainly  in  the 
lossy  region. 

C.  Beam-Propagation  Method 


For  a  planar  isotrqpic  waveguide  a  scalar  wave  equaticm  is  valid.  Standard  beam-propagation 
algorithms  deal  with  a  solution  to  hyperbolic  Helmholtz  equation 


or  with  a  solution  to  Fresnel  parabolic  equation 
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E{z)  =  E^&c.^\ 


-\z 
< - 

(n^  -n^)  ] 

2k^ 

dx^  ®  ^  "-'JJ 

(5) 


where  z  is  the  direction  of  propagatioi,  fio  is  the  initial  field  distribi^on  ^  a  cross  s^ion  z  0, 
«  =  «(3c  zl  is  the  refractive  index  distributicm  in  the  waveguide,  and  «ris  the  index  of  refi^ctitm  of  a 
reference  medium  in  which  the  free-space  propagation  steps  are  to  be  carried  out.  It  is  assumed  that  the 
value  of  is  real  and  close  to  those  of  the  media  constituting  the  system.  E(x,z)  is  a  slowly-varymg  field 
amplitude,  and  K  is  the  wavaiumber  in  the  refermce  medium, 

The  occurrence  of  loss  or  gain  in  a  medium  may  be  automafically  accounted  for  m  die  ph^e 
compensation  steps,  by  an  appropriate  exponential  change  (increase  for  gam,  decrease  for  loss)  of  the 
field  anqilitude  according  to  the  imaginary  part  of  the  refractive  mdex  n  [8]. 


D.  Problem  set 


A  problem  has  been  set  to  determine  the  branching  point  cibrmoh  value  with  difforait  BPM  pn^rams 
and  approaches.  For  a  approaching  there  are  two  different  effective  refractive  index  values,  they 
differ  in  real  part  for  a  <  cLbranch  or  in  imaginary  part  for  a  >  cihr^nch.  Close  to  (Xbrmoh  '■ 


N^Nb- 


<E>, 


oe 


-(a-as)± 


IN 


5  y 


2a> 


a 


Oc 


(a -as) 


V2 


(6) 


Therefore,  the  difference  of  mode  effective  indices  scales  with  square  root  of  a  >  abr<mch- 
Thus,  if  we  restrict  ourselves  to  a  two-mode  system  only,  we  may  eiqject  two  kinds  of  interference 
effects; 

•for  a  <  abronch ,  as  the  modes  differ  only  in  phase  velocity  in  this  case,  the  result  is  a  periodic  beating 
with  a  spatial  period  A  proportional  inversely  to  the  (real)  effective  index  difference,  which  in  turn  is 
proportional  to  square  root  of  (cXbmnch  -  ot  )•  Thus  we  expect  a  linear  depaidence 


const. 


a  <  CLffranch  j 


(7) 


•for  a  >  abrancb  the  modes  have  the  same  phase  velocity,  but  they  differ  in  a  way  that  one  is  attenuatal 
while  the  other  is  amplified.  At  long  distances  of  propagation,  the  domination  of  the  mode  wifo  gam  is 
obvious  Therefore,  a  constant  growth  of  the  field  is  the  result  of  two-mode  intefrerence.  Thus,  me 
effective  two-mode  beam  power  amplification  coefficient  at  long  distances  is  a  linear  function  of  gam- 
loss  coefficiait  a,  which  in  turn  is  proportional  to  square  root  of  a-  ctbmnch  ■  Thus  we  expect  a  linear 
dependence  of  the  form  of 

(Xg^  —  const. ~  tx,  ^  ,  (^) 


The  task  consists  of  three  parts,  all  of  them  are  to  calculate  branching  point  abrmch  value. 


E.  Contributors  and  used  methods 

The  contributors  and  their  algorithms  are  listed  in  Table  1 . 
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Institution 

Equaticm 

Numerical 

method 

Boundary 

crmditicxis 

Propagation 
step  size 

FE/FD  BPM 

Un.  Hagen 

Un.  Twmte 

FD 

Efficient 

DSmMNII 

Ac.  Comm. 

Helmholtz 

FFT  BPM 

Un.  Roma 

MoL 

Absorber 

- 

F.  Discussion  of  the  Results 

The  resulting  values  of  atranch  are  reported  in  Table  2.  The  differences  with  respect  to  the  analytic 
solution  do  not  necessarily  mean  errors  of  the  method,  because  the  propagated  beam  is  not  a 
combination  of  two  guided  modes  of  the  active  guide  only,  but  also  of  a  radiation  field  of  this  guide. 

The  participants  to  the  task  have  done  much  of  numerical  effort  to  avoid  inaccuracies  due  to 
numerical  errors,  thus  the  observed  discrepancies  should  be  attributed  to  different  physical  models 
modelled  by  the  BPM  programs  used.  In  other  words,  every  method  used  has  analysed  very  accurately  a 
little  different  situation. 

Table  2.  VALUES  OF  aw*  OBTAINED  BY  THE  PARHCIPANTS  TO  THE  BENCHMARK  TEST  WITH 
Comparison  to  Analyhc  Value  ahmnchcnai.  =  5226.3/cm 


Contributor 

^branchj 

l/cm 

^branch  “  ^branch  ancth  y 

l/cm 

HHI 

5306 

79.7 

Un.  Hagen 

5236.87 

10.57 

Un.  Twente 

5226.5 

0.2 

Un.  Twente 

5226.9 

0.6 

Ac.  Comm. 

5500 

273.7 

Un.  Roma  I 

5242.5 

16.2 

II.  BPM  MODELLING  OF  SHG  IN  A  WAVEGUIDE 


This  part  is  devoted  to  an  adaptation  of  Beam-Propagation  Method  (BPM)  for  modelling  of  Second 
Harmwiic  Generation  (SHG)  process  in  quasi-periodically  corrugated  planar  waveguides.  A  type  I  (eoo) 
of  SHG  has  been  chosen  as  a  working  example.  A  model  of  split-step  formalism  of  SHG  has  been 
developed.  Tbe  model  involves  propagation  of  two  beams:  the  fundamental  (pump)  beam  and  second 
harmoiic  beam,  and  is  outlined  below. 

As  a  starring  point  the  following  coupled  set  of  governing  equations  has  been  adc^ted  [9]: 


7^  +  ^^  +  ^«2exp(-yA^rt=0;  ^  +  exp(+yA^^)=0 

The  adqpted  numerical  model  of  two  beams  propagation  consists  of  a  sequence  of  two  stepi^: 
propagation  stqj,  and  compaisation  step. 
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Step  1  involves  prc^agaticm  of  the  beams  mly,  and  diffraction  effects.  Ihe  beams  are  propaga^ 
separately,  and  SHG  process  is  not  included  in  this  step.  This  is  equivalent  to  uncouple  ihe  governing 
equations  by  assuming  the  other's  wave  amplitude  =0: 


y^  +  i^  +  0  =  0,  (^2=0);  y^-0+afexp(+7Ay?^)=0 

^  1  ds^ 

St^  2  involves  nwilinear  condensation  of  the  andlitudes  and  phases  of  both  beams.  Simultaneously, 
no  diffracticm  occurs,  vdiat  Mows  from  an  assumption  of  vanishing  transverse  variation  of  the  beams, 
i.e.  ^/obc^  =  0.  This  is  equivalent  to  plane  wave  propagation. 


^  +  0  +  a*a2  exp(-  =  0 ; 


j 

2 


+0  --  0, 


(01  =  0) 


Ihe  propagation  step  of  Ae  beams  can  be  easily  modelled  via  standard  BPM  techniques.  The  non¬ 
linear  compensation  stqp  involves  more  difficulty.  Under  assumed  conditions,  the  fundamental  (o)  and 
second  harmonic  (2o)  field  aitdlitudes  are  a  subject  of  following  nonlinear  changes  [10]; 


8;t 


n^c 


n 


‘fflO 


jcW. 


-ll/2 


z\m 
V  J] 


f  K{m) 


\ 

zj/w 

j 


where  the  notation  of  [10]  has  been  adopted.  The  above  amplitude  changes  are  e^qplicitly  given  and  do 
not  present  difficulty  in  calculations. 

Similarly,  phases  of  the  waves  change  in  the  following  way  [10]:  The  fundamental  and  second 
harmonic  wave  phases  are: 


dz 


-^7  ~^u:W 


K(m) 


z\m 

J 


^20,  (^)  =  ^2«,0  +  ~  ) 

/=! 

Of  the  above,  the  first  only  the  first  expression  for  fiindamaital  wave  phase  change  is  given  not 
explicitly,  since  it  contains  an  integral.  The  integral  has  to  be  evaluated  numerically. 

In  quasi-periodical  planar  waveguide  the  phase  mismatch  Ap  varies  according  to  the  local  thickness  in 
a  given  section  of  the  waveguide.  Since  in  realistic  corrugated  waveguides  the  thickness  variaticai  is  very 
small,  this  may  be  considered  as  an  perturbatiai  in  a  homogeneous  waveguide.  This  issue  and  its  intact 
on  the  amount  of  reflections  at  the  boundaries  is  curreaitly  under  study.  It  is  believed  that  me  could 
neglect  the  reflections. 

In  the  analysed  problem  the  beams  propagate  in  a  planar  waveguide.  Which  is  a  one-dimensional  free 
space  for  the  beams.  This  means  that  without  nonlinear  effects  the  propagaticsi  step  length  miglit  be 
arbitrarily  long.  However,  as  the  SGH  process  is  sensitive  to  amplitudes  and  phases  of  the  interacting 
beams,  the  propagation  step  should  not  involve  significant  amplitude  and  phase  dianges.  Thus  carry  has 
to  be  taken  out  that  prqpagation  steps  are  not  to  long  in  order  to  properly  model  the  SHG  process. 
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As  in  a  standard  BPM,  for  achieving  better  accuracy  with  given  propagation  s^,  the  ^l^lation 
should  be  started  with  an  initial  half-step  propagation.  For  keeping  the  accuracy  of  the  modelling  and 
also  to  shorten  the  computational  time  needed  for  device  modelling,  it  ^ 

adaptive  propagation  step  length.  This  is  due  to  the  dependence  of  efficiency  of  SHG  on  both  the  waves 

amplitudes,  and  phase  relations. 

For  checking  die  accuracy  of  SHG  modelling  in  a  given  waveguide  stru^re  it  is  necessaiy  to 
compare  the  results  with  an  analytical  solution  for  the  geometry  considered.  Such  solutions  are  available 
when  second  harmonic  beam  has  zero  amplitude  at  the  starting  point  [1 1]. 

The  above  two-beam  propagation  procedure  is  actually  a  subject  of  filler  developmaat  COST  240 
laboratories  in  University  Roma  1  “La  Sapienza”,  Dipartimento  di  Electro  ^d  Inst^®  of 
Telecommunications,  Department  of  Fibre  Telecommunications,  Warsaw,  in  or^r  to  ote  etot 
tool  for  SHG  modelling  in  planar  waveguides,  including  quasi-penodic  corrugation  of  the  gm  g 

the  propagation. 

ni.  Conclusion 

Beam  Propagation  Method  has  been  successfully  applied  to  analyze  non-modal  ® 

waveguide  with  a  balance  of  gain  and  loss.  A  model  of  SHG  modelling  m  a  waveguide  with  BPM  ha 

been  presented. 
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MICROWAVE  METHOD  FOR  THE  STEP-LIKE  RECONSTRUCTION 
MICROWAV  multilayered  DIELECTRICS 


V.  Mikhnev  and  A.  Palto 

Institute  of  AppUed  Physics,  Akademicheskaya  16, 220072  Minsk,  Belarus 


A  novel  one-dimensional  microwave  imaging  approach  based  on  successive 
reconstruction  of  dielectric  interfaces  using  the  complex  reflection  coefficient  data  collected 
over  some  standard  waveguide  band  is  described.  The  method  is  vahd  for  highly  contrasted 
discontinuous  profiles  and  shows  low  sensitivity  to  the  practical  measurement  error.  Some 

numerical  examples  are  presented. 


iDtrodMfton  ^crowave  reconstruction  methods  has  drawn  attendon  of  notable 

number  r  Sers  during  past  decade.  Existing  inversion  algorithms  are  based  on 
ne^Lwe  Sm-lype  approach  or  optimisation  schemes  appUed  to  exact  integral  equaUons 
uXSeir^thL  algorithms  suffer  from  serious  problems  when  drscontinuous  profiles  of 
S"me  to  be  ret^nstructed.  Besides,  they  usually  require  ‘he  .np^«a ‘o  he  gw-  » 
an  infinite  frequency  band  (at  least,  starting  from  zero  frequency).  It  c^ot  be  realized  in 
practice,  because  for  each  frequency  band  special  measunng  equipment  and  antennas  shou 

In  this  paper  a  new  method  of  step-like  reconstruction,  which  is  intend^,  for 
reconstruction  ofthe  profiles  of  high  contrast  is  presented.  The  complex  refl-ho" 

S^o™^^  tacident  wave  obtained  in  a  frequency  band  essentially  limited  both  from  upper  and 
tower  frequencies  is  used  as  input  information  for  the  reconstruction  process. 

Rec.ns.n.c.i.n^.rithm  applied  to  the 

inversion  of  the  boundary  problem  for  the  Riccati  equation  [1],  Let  the  normaUy  incident 
Srel^elto  wave  wi*  the  wavenumber  h  is  reflected  from  the  interte  between  air  wd 
the  inhomogeneous  half-space.  The  reflection  coefficient  r(fe,pc)  and  the  refractive  index  pro 
n{x)  are  related  by  the  Riccati  nonlinear  differential  equation. 

=  2/^0  •  •  r(ko,x)  +  ^ 


Let's  introduce  a  new  variable  t  =  j n{x')dx' , 

'  (2) 

which  represents  the  optical  path  length  in  the  medium.  ,  -.i,  nMrnn^fnrmed 

When  applying  the  Newton  -  Kantorovich  optimization  algonthm  to  (1)  tr^formed 
with  the  use  of  (2).  one  can  compute  a  correcting  term  MO  ‘o  ^  |  ^ 

Successive  application  ofthe  same  scheme  using  the  corrected  profile  fiincuon  n(r)  +  M0 

‘0  obtain  the  solution  ofthe  inverse  problem  after  a  few  iterations. 
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Unfortunately,  this  approach  works  well  when  the  input  data  are  given  in  some  frequency  band 
starting  from  zero  frequency.  In  case  the  frequency  band  of  operation  does  not  contain  low 
frequencies,  the  solution  becomes  unstable.  Nevertheless,  it  was  found  that  the  maximal 
derivative  of  the  correcting  term  An(t)  corresponds  to  the  point  of  the  greatest  change  of  the 
profile  (e  g.  interface  between  layers).  Hence,  a  step  can  be  installed  in  the  initial  profile  at  the 
point  of  the  maximal  derivative  of  ^{t)  in  such  way  to  provide  minimization  of  the  maximal 
modulus  of  the  reflection  coefficient  at  large  depth  for  all  frequencies,  i.e.  minimax  criterion  is 
used.  In  short,  the  computational  scheme  can  be  summarized  as  follows: 

1  calculation  of  r^h,  0  for  some  initial  profile  n(0  at  all  frequencies  from  the  given 
frequency  band  by  numerical  solution  of  (l)-(2) 

2  calculation  of  An(t)  using  the  Newton  -  Kantorovich  iterative  procedure.  Installation  of 

the  step  into  the  initial  profile  at  a  point  of  the  most  rapid  change  of  An(t)  ensuring 
minimization  of  the  maximum  of  t)|  at  large  depth  over  all  operating  frequencies 

3  updating  the  profile.  Then  return  to  step  1,  with  the  initial  profile  being  replaced  by  the 
corrected  one.  The  calculations  are  stopped,  when  max(|ir(A:o,t)|)  at  large  depth  over  the 
frequency  band  of  operation  is  less  than  desirable  error 

4  return  to  the  geometrical  depth  using  reverse  coordinate  transformation  (2). 

Numerical  examples 

In  this  section,  the  results  of  numerical  experiments  are  presented.  The  reflection 
coefficients  calculated  in  the  frequency  band  of  26  to  37  GHz  in  steps  of  0.2  GHz  were  used  as 
input  information. 

Fig.  1  shows  results  of  reconstruction  of  a  three-layered  highly  contrasted  structure  on  a 
substrate.  The  quality  of  reconstruction  is  seen  to  be  good  enough. 

The  stability  of  the  method  was  investigated  by  adding  a  uniformly  distributed  random 
noise  to  the  input  data.  The  magnitude  of  noise  was  chosen  to  simulate  measurements  with  an 
accuracy  of  20%.  The  results  of  reconstruction  of  a  two-layered  dielectric  structure  on  a 
substrate  for  the  case  when  there  is  a  noise  in  the  input  data  shown  in  Fig.2  demonstrate  good 
stability  of  the  solution.  Therefore,  the  method  is  suitable  for  practical  applications. 

The  method  like  others  has  some  limitations.  Two  most  important  of  them  derived 
from  numerical  simulations  are  as  follows.  First,  the  best  convergence  of  the  solution  is 
achieved  when  the  reconstruction  depth  is  close  to  A/  =  c/2A/^ ,  where  A/^is  the  frequency 

step. 

The  resolution  of  the  method  can  be  estimated  as  tg  =cl‘lF ,  where  c  is  the  light 
velocity  and  F  is  the  bandwidth. 
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ANALYSIS  AND  SYNTHESIS  OF  IMPEDANCE  PLANE 

Yuriy  V.  Yukhanov 

Taganrog  State  University  of  Radio  Engineering,  Taganrog,  Russia 
email:  airpu@tsure.ru 

Abstract.  The  problem  of  synthesis  of  impedance  plane  reflecting  a  plane  homogeneous 
wave  in  a  given  direction  is  solved.  The  law  of  distribution  of  impedance  is  found  in 
analytical  form.  The  restrictions  on  the  class  of  the  allowable  scattering  patterns  are 
formulated.  Rigorous  solution  of  the  problem  of  the  wave  scattering  by  a  plane  with 
non-uniform  periodic  reactance  is  obtained  in  analytically  closed  form  for  the  first  time. 

Consider  solving  a  two-dimensional  problem  of  the  synthesis  of  an  impedance  plane  in 
the  following  statement.  Suppose  that  a  plane  H-polarized  electromagnetic  wave  (Fig.l)  is 
incident  on  the  plane  S  from  the  direction  (p„  At  the  surface  S,  the  Leontovich  impedance 

boundary  conditions  are  imposed: 

E  =Z(x)H  .  (1) 

It  is  necessary'  to  find  the  law  of 
distribution  of  passive  surface  impedance 
Z  ensuring  the  reflection  of  the  plane 
wave  in  the  given  direction  (po- 

Analytical  representation  of  the 
^  incident  and  the  scattered  fields  as  the 
homogeneous  plane  waves  has  the 
following  form  in  half-space  j'  >  0 : 

jjn  ^  +TSin(p^)  ^  ^-ikixcos%  +Tsin(Po)  ^2) 

Z  '  '  z 

This  enables  us  to  find  the  required  law  of  impedance  distribution  directly  from  the 
boundary  conditions  (1) 


-ft5{(cosy„-cosyo)  +  /(cosy„+cosyo)^!mx},  (3) 

where  r\=k(cos(pa+cos^)/2;  cosYa—sin<pa;  cosy^  =  sifKpo ;  yn  ,  yo  are  the  angles  of  incidence 
and  reflection,  respectively. 

The  condition  of  physical  realizability  of  the  real  part  of  passive  impedance  fiinction 
defines  the  restriction  on  the  class  of  the  allowable  scattering  patterns:  T7te  passive  impedance 
(ReZ^)  provides  a  total  reflection  of  a  homogeneous  plane  wave  only  in  the  following 
angular  sectors’.  <po  ^  (pn!  ^  ~(Pn.  The  reactance  can  ensure  such  a  translation  only  in  the 
backward,  (po~(pn  (Z-icosy„tg(kxcos(p,),  or  the  specular  (pQ-it-cpn  (Z=0)  directions. 
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The  question  on  an  opportunity  of  efficient  reflection  of  a  plane  wave  in  any  desired 
direction  with  the  aid  of  reactance  is  of  a  special  interest.  The  analysis  has  shown  that  the 
reactance  determined  by  the  following  equation 

Z  =  iZotg(kxcos(p„),  (4) 

creates  also  a  reflected  beam  in  the  direction  (po  but  besides  there  is  still  a  whole  spectrum  of 
reflected  waves,  both  spatial  and  surface  ones.  If  the  following  condition:  Zo  =  smg>o  ,  is 
satisfied,  then,  in  the  reflected  field,  only  two  spatial  harmonics;  homogeneous  plane  waves  m 
the  given  direction  (po  and  in  the  specular  (mirror)  direction  7t-(pn  are  present,  with  amplitudes 

Ho  =  2cosrr/(cosrr,  +  cosyo);  Hs  =  (cos/r,  -  cosYo)/(cosy„  +  cosyo). 

The  given  solution  of  the  synthesis  problem  enables  ones  to  derive  the  formulas  for  the 
reflection  coefficient  P  firom  a  plane  with  variable  impedance  Z 

^  cosYn(3cosY„  -  cosYo)  -  Z(cosY„  +  cosyg)  ^  ^5^ 

(cosy„  +  cosyJCcosYo  +  Z) 

which  transforms  to  the  well-knoAvn  expression  if  Z  =  co«5?,  i-  u 

Advantages  of  the  new  reflection  coefficients  are  especially  clearly  displayed  in  the 
vicinity  of  the  angles  of  observation  (p  =  arccos(2cos(Po  +  cos(p„) . 

Consider  now  a  rigorous  solution  of  the  problem  of  scattering  of  an  H-polarized  wave 
by  the  plane  y  =  0  with  a  reactance  given  by  equation  (4).  Note  that  publications  containing  a 
rigorous  solution  of  this  scattering  problem  in  the  closed  form  are  absent  for  a  plane  with 

periodic  variable  impedance  (4).  .  .  i  •  r 

From  the  Lorentz  lemma,  we  obtain  a  Fredholm  second-kind  integral  equation  for  the 

z-component  H,  (x)  of  the  total  magnetic  field: 


CO  ^  -2K(x-x’) 

J  l  ^  .--dKdx'+2H:(x). 


(6) 


By  presenting  the  required  fiinction  as  =  costix/7(x:)  and  using  the  spectral 

expansion  of  H(x)  we  obtain  the  solution  of  the  integral  equation^  (6)  analytically; 

(7) 


Hfi)  =  O.SJSr jl  +  .4  +  2ZX9,.P.ID,e-‘^  -  /C 


where  X=4/(Do+ACq);  and  factor  A  is  determined  from  the  equation  of  balance  of  energy  at 


the  reactive  surface  y  -  0. 

Thus,  a  discrete  spectrum  of  plane  waves  travels  along  the  impedance  structure.  We 
study  the  scattered  field  of  such  a  structure.  For  a  fragment  of  impedance  plane  of  the  length 
2L,  the  scattered  field  pattern  takes  the  following  form: 


F((p)  =  +  ^)sin  (p  -  Zo(l  -  A)Pj^ 


+ 


A 


(1  +  Gj  sin  (p) 


sinf/j 
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_  ^(1  +  G.,  sin  (p)^^  +  2ZoX%^(l  +  sin  (p) 
C_j  U , 


smU„ 


f/-, 


-  2^Zo2;^a  +  G  «  sin 


(8) 


where  =  L(kcos(i>-[2mr}-i]n]).  Thus  the  field  H/x)  is  the  same  as  for  an  infinite  plane. 

In  the  expression  (8),  the  first  two  terms  are  the  specular  and  the  synthesized  Fo 
beams  launched  by  the  plane  S  in  the  directions  (p=7i:-(pn  and  (p=(po-  With  normal  incidence  of 
the  wave,  the  third  term  represents  the  beam  F30,  which  is  specular  with  respect  to  the 
synthesized  beam  (p=7i-(po.  In  this  case  factor  A  has  a  simple  analytical  representation  via  Zo 

A  =  ±(1  -Z(pif /(I  +  ZoGif. 

As  we  see,  the  amplitudes  of  the  beams  of  a  complex  image  depend  on  the  value  of  Zo. 

Hence,  with  the  aid  of  Zo  it  is  possible  to  control  the  amplitudes  of  various  beams  of  the 
scattering  pattern.  So,  the  expression  for  Zo,  ensuring  a  maximum  \Fo(q>o)\  of  the  synthesized 

beam  is  as  follows:  _ _ 

Zg  =  sin  (pg(.^2(l  +  sin(Po)/sin(Po  - 1) . 

Zero  amplitude  of  the  specular  beam  is  provided  by  the  following  condition: 

-sin(Po)sin(Po  .  (9) 


In  Fig.  2,  the  scattering  pattern  of  a  fiagment  of  reactance  plane  of  the  width  8X  that 
reflects  a  normally  incident  wave  in  the  direction  of  (po~30’’’  is  given,  for  the  value  of  Zo 

designed  after  formula  (9)  (curve 


30 


180 


1).  Curve  2  corresponds  to  the 
scattering  pattern  of  an  equivalent 
conducting  strip  tilted  by  the  angle 
0.5(<pn-(po)  with  respect  to  the 
angle  (pn  of  the  wave  incidence. 

The  obtained  analytical 
solution  of  the  wave  scattering  by  a 
plane  with  variable  periodic 
impedance  (4)  can  be  used  for 
determining  the  total  field  (7)  on 
the  curved  surface  of  a  body  of 
arbitrary  shape,  if  combined  with 
the  Physical  Optics  approach 
approximate  solutions. 


Fig.2 
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SYNTHESIS  OF  THE  ADAPTED  HYBRID  REFLECTOR  ANTENNAS 

Bohdan  Podlevskyi,  Petro  Savenko,  Myroslava  Tkach 
Institute  of  Applied  Problems  of  Mechanics  and  Mathematics  of  NASU 
3"b"  Naukova  Str.,  Lviv-601,  290601,  Ukraine 

e-mail:kalynjak@ippmm.lviv.ua 

Abstract  One  approach  of  solving  the  synthesis  problems  of  the  adapted 
hybrid  reflector  antennas  (HRA)  is  proposed.  It  consists  in  solving  of  both 
problems,  the  synthesis  problem  of  HRA  according  to  the  prescribed  directivity 
pattern  (DP)  and  the  problem  of  forming  the  deep  gap  in  DP  according  to  the 
given  direction.  The  variational  formulations  the  synthesis  problems  are  used. 
The  mean-square  deviation  of  the  given  magnitude  and  the  synthesized  one  is 

chosen  as  the  optimization  criterion.  ,  ^  j  xid  a  ^ 

The  suggested  approach  permits  to  synthesize  the  adapted  HKA  ot  tne 

different  structure.  In  particular,  the  cuttings  from  reflectors  can  be  both 
symmetrical  and  non-symmetrical,  and  irradiating  feed  array  can  have 
arbitrary  configuration.  The  partial  directivity  patterns  of  the  elements  of  the 
array  can  be  different  for  each  of  them. 

1  Statement  of  the  problem.  The  spacecraft  hybrid  antenna  systems  are 
used,  in  particular,  for  the  construction  of  the  modern  systems  satellite 
communication  of  multy-functional  purpose.  As  rule,  they  consist  of  the  non- 
symmetrical  paraboloic  reflector  (a  some  cutting  from  paraboloidal  reflector)  and 
the  control  irradiating  feed  array.  It  is  supposed  that  the  reflector  is  situated  in 
the  far  zone  in  relation  to  the  separate  feed  element  and  in  the  near  zone  in 
relation  to  the  feed  array  as  a  whole. 

Let  the  field  in  the  far  zone  is  described,  using  the  coordinates  ot  the 
satellite  antenna  by  the  angle  of  elevation  ^  and  the  angle  of  azimuth  (p.  We 
assume  that  the  field  (partial  DP)  of  the  «-th  separate  beam  in  the  point  of 
observation  excited  by  the  unit  level  of  power  and  zero  phase,  can  be 

presented  by  the  complex  vector  The  feed  array  in  our  reseach  may 

have  general  configuration  in  the  sense  that  the  position  and  orientation 
n-th  feed  element  is  specified  independently.  The  excitation  coefficients  and  the 

type  of  the  radiation  (a  cos^  0  feed)  may  also  vary  from  element  to  element. 

We  designate  the  complex  factor  of  excitation  of  n-th  feed  element  as  I„. 
Then,  the  electromagnetic  field  of  whole  system  is  considered  as  a  sum  of  the 
partial  fields,  and  the  total  directivity  pattern  is  given  by 

F(d,  (p)  =  AI  =  2]  <P)- 

Tl=l 

The  value  /„  is  determined  by  the  physical  optics  methods. 

2.  The  synthesis  problem  of  HRA  according  to  the  prescribed  magnitude 
pattern  At  first,  the  synthesis  problem  of  HRA  according  toJ;he  prescribed  DP 
Fq  is  considered.  It  is  assumed  that  the  magnitude  pattern  Fq  is  given  in  some 
region  Q  of  angles  »  and  and  Fo=0  outside  of  this  region.  If  the  geometry  of 
the  feed  array  and  the  partial  directivity  patterns  of  the  separate  radiators  of 
array  are  known,  then  it  is  required  to  determine  the  amplitudes  and  phases  of 
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excitation  of  the  radiators  (  I  =  -  is  the  vector  of  excitation  of  the 

feed  elements).  Therefore,  the  synthesis  problem  consists  in  a  finding  the  vector 
/  minimizing  the  functional  being  the  mean-square  deviation  of  the  synthesized 
and  given  magnitudes  in  a  some  region  O.  Thus,  the  criterion  of  optimization  is 
writtern  as 

= jj  k  -  klF  +11  k  -  klF  ’  (2) 

n  n  ^=1 

where  Fq  ,  and  F^ ,  are  components  of  vectors  Fq  and  F  accordingly  in 
a  spherical  system  of  coordinates,  F  is  a  quantity  of  feed  elements  and  P  >  0  is 
a  some  real  parameter. 

The  condition  of  stationary  of  the  functional  (2)  results  in  the  nonlinear 
system  of  algebraic  equations,  which  in  the  operator  form  is  defined  by 

(pE  +  B)I  =  g(j)  ,  (3) 

here  B  is  a  matrix,  the  elements  of  which  do  not  depend  from  I  (  E  is  a  unit 
matriv  '>  Tt  r)ermit5?  to  construct  the  following  iterative  nrocess  of  the  svstem 

-  .  y  -  -  -  W  X 

solution 

=(pE  +  B)-'q(j("^'))  ,  (4) 

where  u  is  the  number  of  iteration,  (pE  +  B)"^  ,  is  the  inverse  matrix. 
Numerically  the  obtained  system  of  equations  is  solved  by  the  successive 
approximation  method.  The  considered  problem  is  essentially  nonlinear  problem 
and  may  possess  non-unique  solution. 

3.  The  synthesis  of  the  adapted  HR  A.  It  is  assumed  the  problem  of 
forming  the  deep  gaps  in  the  DP  according  to  the  prescribed  directions  as  basis 
of  the  synthesis  problem  of  the  adapted  HRA.  Let  the  amplitude-phase 
distribution  (APD)  in  irradiating  feed  array  is  given  and  directivity  pattern  of 
HRA  is  writtern  by  formula  (1). 

The  zero  synthesis  problem  in  the  DP  of  the  HRA  according  to  the 
prescribed  direction  Q,  (Q  =  (^1,^2)  =  (sin S cos q),sind sin cp)  are  generalized 

angle  coordinates)  consists  in  finding  such  a  vector  APD  I ,  forming  DP  close  to 
the  output  in  the  whole  range  of  visible  angles  Q  ,  and  equal  zero  in  the 

direction  Q,.  Last  demand  can  be  formulated  as  an  inequality  /(q*)|  <e,  where 

£  is  a  small  prescribed  constant. 

Introduce  in  consideration  the  function 

'^(Q)  =  Fo(Q)--^o(Q*)=  (5) 

n  =  l 

where  7^°^  is  the  APD  forming  output  (nonperturbed)  DP  Fq-  Obviously,  that 

F{q)  in  all  points  QgQ  coincides  with  the  output  DP  and  <^(Q*)  =  0.  In  the 
space  of  vector-valued  functions  Hf  we  introduce  Euclidean  metrics  determined 
by  the  scalar  product  and  norm: 

Hence,  the  synthesis  problem  consists  in  finding  the  vector  I  &  Hj 
minimizing  the  following  functional: 
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a  = 


3- AI 


(6) 


The  operator  A  is  determined  in  accordance  with  (1).  , 

Assuming  that  the  system  of  partial  DP  of  HR  A  \fn\  linearly 

independent  we  apply  the  orthogonalization  process  to  it.  After  certain 
transformations  we  get  the  representation  of  the  DP  array  in  the 
orthogonalized  basis 

F(Q)=  ZMn(Q)> 

n=l 

here  (g„}  -  is  the  orthogonalized  system  of  the  functions; 

Pn  =  = 

where 


j=n 


('?) 


(8) 


IX 


“jn  =  ifj’Qn]  j  = 


>i  =  ^ 


11  J  =  1 

Introducing  (7)  into  (6)  and  on  the  base  of  minimum  of  the  functional  a  we 
obtain  the  expressions  for  the  optimal  coefficients: 

Pn  =  {^>9n) 


(9) 


or 


f 


|3„=P 


here  the  coefficients  p”  are  determined  on  the  base  of  output  vector  /q  by  the 
formula  (8).  If  the  coefficients  p„  are  finded  according  to  the  form  (10)  for  DP 

F(Q*)  they  satisfy  the  condition  (5),  then  the  problem  is  solved.  The  known 

vector  I  forming  DP  with  the  created  gap  is  determined  as  the  solution  of 
linear  equations  system  (8)  with  triangle  matrix.  In  the  inverse  case  we  find 
coefficients  using  the  following  iterative  process 


tn(Q)dQ  ,  (n  =  l,w),  (11) 

n  ) 


where  j  is  the  iteration  number. 

The  offered  approach  and  developed  algorithms  permit  to  solve  the 
synthesis  problems  of  the  adapted  hybrid  reflector  antennas  with  simultaneous 
forming  the  deep  gap  (zero)  in  the  directivity  pattern  according  to  the 
prescribed  directions.  This  investigations  are  proved  by  the  numerical  results. 
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THE  METHOD  OF  AUXILIARY  SOURCES  FOR  INVESTIGATION  OF 
SCATTERED  FIELDS  SINGULARITIES  AND  ITS  APPLICATION  FOR 

INVERSE  PROBLEMS 

R.  Zaridze,  G.  Bit-Babik,  K.  Tavzarashvili. 

Tbilisi  State  University,  Tblisi,  Georgia,  e-mail:  lae@resonan.ge 

Abstract  A  simple  method  for  investigation  of  the  scattered  fields  singularities  is  presented.  It 
is  shown  how  this  technique  can  be  applied  to  the  synthesis  problem  of  ‘VeU-matched 
antenna  with  predefined  pattern.  The  basic  idea  is  that  the  wave  field  corresponding  to  the 
desired  pattern  must  have  a  domain  of  singularities,  and  it  is  determined  by  these  singularities 

in  a  unique  way. 

1.  Introduction 

It  is  known  that  any  wave  field  carrying  the  energy  into  infinity  must  have  the  centers  ot 
radiation  i  e ,  the  singularities  in  some  domain.  Otherwise  the  wave  field  function  must  be 
everywhere  identically  equal  to  zero  [1].  In  this  paper  attention  is  paid  to  localization  of  these 

+v»o+  0\7(^r\7  ftplH  IS  by  its  own  singularities  in  a 

unique  fashion.  Investigations  have  shown  that  these  singularities  are  distributed  as  bright  spots 
and  the  distance  between  them  depends  on  frequency.  Based  on  these  concepts  and  on  the 
Method  of  Auxiliary  Sources  (MAS)  [2]  a  simple  numerical  method  for  the  field  reconstruction 
after  its  given  singularities  is  suggested.  The  corresponding  mathematical  justification  can  be 
found  in  [3].  For  localization  of  the  wave  field  singularities,  the  fiinctions  characterizing  the 
converging  and  diverging  waves  are  used. 

The  localization  of  singularities  is  used  for  optimization  of  the  inverse  problems  solution.  It 
is  known  that  the  inverse  problems  do  not  have  a  unique  solution.  For  example,  for  a  specific 
pattern  the  different  current  distributions  on  the  different  surfaces  can  be  introduced  and  there 
fields  differ  from  each  other  by  the  reactive  part  in  the  near  zone.  The  main  problem  is  to 
obtain  such  currents  distribution  that  occupies  a  minimum  volume  and  produ(^s  the  minimum 
of  reactive  field  in  near  zone  so  that  the  whole  feeding  energy  is  transmitted  into  propagating 
wave.  Such  antenna  is  called  the  “well  matched  antenna”. 

It  is  assumed  that  any  pattern  of  the  field  radiated  to  infinity  should  have  its  own  unique 
singularities  in  a  limited  domain.  On  the  other  hand  it  is  known  that  a  propagating  wave  is 
analytical  everywhere  except  the  domain  of  its  excitation.  This  is  the  domain  of  singularities  of 
the  radiated  field,  which  forms  the  propagating  wave  and  its  pattern.  So  the  problem  is  to  find 
out  the  location  of  these  field  singularities. 

n.  General  Algorithm  of  Near  Field  Reconstruction 

The  problem  to  be  solved  is  to  design  a  ‘Veil-matched  antenna”  that  will  produce  a  given 
far  field  pattern.  This  is  equivalent  to  the  determination  of  the  singularities  of  the  specific 
pattern.  Thus  the  near  field  has  to  be  determined  as  it  has  been  discussed  previously. 

For  this  purpose  an  auxiliary  circular  antenna  is  introduced.  The  far  field  of  this  antenna  is 
calculated  and  matched  with  the  given  far  field  pattern  by  distributing  the  auxiliary  sources  on 
the  auxiliary  surface  inside  the  auxiliary  antenna.  It  is  obvious  that  the  near  field  of  this 
auxiliary  sources  can  be  easily  calculated,  therefore  using  the  method  of  visualization  of 
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scattered  field  singularities  described  before  the 
singularities  of  the  given  pattern  (e.g.  the  location  of  the 

antenna  dipoles)  is  determined. 

We  consider  in  detail  a  2D  case,  of  antenna  with  a 
pattern  F(^)  to  be  designed.  First  of  all  it  is  necessary  to 
obtain  the  near  field  corresponding  to  the  specified  pattern 
F(g>).  This  could  be  done  by  distributing  N  sources  of 
t5^e  on  some  curve  S  enclosing  an  area  D  (fig. 
1).  In  this  case,  S  is  chosen  to  be  the  circle  of  diameter  d. 
Here  it  should  be  noted  that  diameter  d  must  not  be  less 
than  some  definite  value  to  provide  the  necessary  width  of 
the  main  lobe.  This  condition  is;  d  >  X/©,  where  X  is  the 
Figure  1:  The  geometry  of  the  near  wavelength  and  0  is  the  width  of  the  main  lobe.  The  field 
field  reconstructing  algorithm.  radiated  by  these  sources  will  be; 

E{r)  =  i {k{r  -r„)),  (1) 

«=0 

while  the  far  field  pattern  will  be  determined  by  the  asymptotic  approach  of  the  expression  (1). 
So,  (1)  becomes; 

lim  E(r)  - 

r->co 

By  using  the  collocation  method  to  bind  the  radiated  field  of  these  sources  in  M  directions  with 
the  given  one  in  far  zone,  the  system  of  linear  equations  is  obtained 

M  =  1,2,....,W.  (3) 

^=0 

On  solving  the  system  of  linear  equations  (3),  the  coefficients  can  be  determined.  They  are  the 
complex  amplitudes  of  the  sources  that  generate  the  desired  diagram.  The  accuracy  of  ttas 
solution  depends  on  the  number  N  of  collocation  points.  So  after  obtaining  the  pattern  mth  a 
desirable  accuracy,  the  field  of  such  sources  is  known  everywhere  outside  the  area  D  including 
the  near  field  (1).  It  must  be  noted  that  the  reactive  field  of  these  sources  decreases  as  the 
diameter  d  increases,  since  no  standing  wave  is  described  by  these  sources.  Hence,  area  D 

should  be  taken  large  enough  to  provide  low  reactive  part  of  the  field  in  near  zone. 

As  the  near  field  is  known  outside  the  area  D,  the  second  step  is  to  continue  it  analytically 
inside  D  using  the  following  scheme.  TaWng  into  account  all  mentioned  above,  the 
continuation  of  the  near  field  will  be  also  unique  up  to  the  singularities  regarding  the  chosen 
area  D.  Let  us  choose  some  curve  L  outside  D,  where  the  near  field  is  known.  Assume  that  N 

sources  are  placed  at  some  distance  from  the  curve  L.  These  sources  act  as 

absorbers  of  the  wave,  traveling  from  the  area  D  to  infinity.  The  N  chosen  sources  will 
reconstruct  the  field  at  the  curve  L  if 

ib„HS‘>(lc(r„-rJ  =  Eir„),  W 

/2=1 

where  b„  is  the  complex  amplitude  of  the  n-th  source,  and  E(r,^  is  the  near  field  value  the 
corresponding  point  on  the  curve  L.  If  the  number  N  is  large  enough,  the  reconstructed  field 


2  E  -ifc(x„cos((!))+y„sin(^))+j- 

Ttfcr 
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approximates  the  real  one.  Since  there  is  a  matching  of  fields  on  the  curve  L,  there  must  be 
also  matching  inside  the  area  D  up  to  the  area  of  singularities  of  the  given  near  field.  So  the 
numerical  analytical  continuation  of  the  near  field  will  be  found  inside  area  D. 

m.  Example  of  the  Inverse  Problem  Solution 

Consider  one  more  example  of  optimizing  the  inverse  problem  solution.  The  aim  is  to 
synthesize  a  given  radiation  pattern,  originally  generated  by  two  electromagnetic  wave  sources 
placed  at  a  distance  of  several  wavelengths  from  each  other.  The  corresponding  pattern  is 


Figure  2.;  Suggested  pattern  Figure  s.:  Field  corresponding  to  the  given  pattern 


Figure  4.;  Reconstructed  field.  Figures.:  Reconstructed  coordinates  of  the  sources 

to  be  found. 

shown  in  Fig.2.  and  the  near  field  in  Fig.  3.  With  the  sources  placed  at  the  circle,  it  is  possible 
to  reconstruct  this  radiation  pattern,  as  it  has  been  described  above  (see  formulas  (1)  and  (4)). 
The  result  is  shown  in  Fig.  4.  Then  using  a  set  of  absorbing  sources,  the  near  field  is  continued 
inside  the  circle.  The  field  obtained  in  such  a  way  gives  two  sharp  maxima  near  the  area  where 
the  original  sources  were  placed  (Fig  5.).  Therefore  the  information  about  the  field  singularities 
is  generated:  the  latter  are  actually  at  the  points  of  original  sources,  and  one  can  note  that  this 
information  was  obtained  only  after  consideration  of  the  radiation  pattern  without  a  previous 
knowledge  of  original  sources.  It  is  now  obvious  that  by  placing  in  two  sources  at  the 
corresponding  point,  the  desired  radiation  pattern  can  be  obtained  in  the  most  optimal  way. 
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Abstract  -  The  antenna  synthesis  problems  according  to  the  prescribed  amplitude 
radiation  pattern  are  considered.  The  variational  statement  of  the  problems  is  used.  The 
correspond  nonlinear  Eulerian  equations  can  have  nonumque  solution.  The  finding  these 
solutions  and  investigation  of  their  properties  carried  out  using  numerical  approach. 


The  considered  problems  concern  to  inverse  problems  with  the  partially  given 
information  on  the  radiation  pattern  (RP).  The  incomplete  complex  RP  but  only  its  ampihude  is 
accepted  as  initial  RP.  Thus  the  choice  freedom  of  the  RP  phase  is  used  as  additional 
possibility  for  better  approximation  to  the  prescribed  amplitude  RP.  The  variational  statement 
of  the  problems  is  used  [1],  namely  it  is  required  the  incomplete  coincidence  of  the  received  ' 
amplitude  RP  with  the  given  one,  i.  e.  only  the  best  approximation  to  it. 

We  consider  the  functional 


K  =  (F,i/iV/llMll 


(1) 


as  a  criterion  of  the  optimization.  Here  F  is  the  prescribed  amplitude  RP  (real  positive 
function),  |/1  is  the  module  of  the  synthesized  RP.  The  functions  F  and  /  concern  to 
Hilbertian  space  of  the  radiation  patterns,  (•,•)/  is  the  inner  product  in  this  space,  l|wl|is  the 

current  norm  in  the  Hilbertian  space  //„  of  the  currents. 

The  radiation  pattern  /  and  forming  its  current  u  in  the  antenna  are  related  by  the 

formula 

f  =  Au.  (2) 

A  is  the  known  linear  limited  operator.  In  the  case  of  the  plane  curvilinear  antenna  the 
operator  A  has  the  form  [2] 

f  =  Au  =  ^u{S) exp(/Ar ((p' ) cos((p  - (p' ))dS^. .  (3) 

S 

The  inner  product  (•,-)y  in  the  Hilbertian  space  is  determined  as 


271 

(/,/)/  =  J/?(9)/((p)/*(9)^^9, 

0 


(4) 
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p(<p)  ^  0  is  the  weight  function,  (p  is  the  angular  coordinate  in  far  zone.  The  inner  product 
(u,u)^  in  the  Hilbertian  space  is  determined  as 

(»,a),  =  J»CT»-(.S)dS,. ,  (5) 


where  dS  .  =  yj +  (dr  /  d(pf  d(p' ,  (p’  is  the  angular  coordinate  in  the  antenna. 

The  complete  complex  function  u  is  necessary  to  determine  in  the  amplitude-phase 
synthesis  problems,  but  only  its  phase  V|/  in  the  phase  synthesis  problems  is  determined,  here 

U  =1  u\  exp(/V|/) .  We  receive  the  corresponding  nonlinear  Eulerian  equations 

u  =  —  A'  (F  exp(/  arg  .4  w)),  (6) 

K 

vp  =  arg(^  *  (F  exp(/  arg  Au')'))  (7) 

for  the  amplitude-phase  and  phase  problems  respectively  using  the  standard  technique  of  the 

.  .  V  ll«ll  ■  •  J 

variational  calculation.  In  the  equation  (7)  the  nonessential  positive  multiplier  —  is  omited. 
The  operator  A'  is  adjoint  to  A,  it  is  determined  from  the  condition 

(AuJ)f  =  (u,A*f\.  (8) 

The  equation  (6),  (7)  are  nonlinear  integral  Hammerstein  equations  [3],  if  operators  A  and  A* 
are  determined  by  formulas  (3)  and  (8)  respectively. 

The  changing  of  the  characteristical  electrophysical  parameter  of  the  equations  (6),  (7), 
contained  in  their  kernel,  leads  to  the  appearance  of  the  several  solutions.  The  analytical 
investigation  of  a  number  of  these  solutions  and  their  properties  is  difficult  problem 
(particularly  for  the  equation  (7)),  therefore  the  numerical  approach  is  used.  For  the  numerical 
solving  these  equations  the  successive  approximation  method  is  applied.  The  calculation 
carried  out  by  the  formulas 


=-^^^*(7^exp(/argylw„)),  (9) 

===  arg(^*(Fexp(/arg^Mj)) .  (10) 

The  successive  approximation  method  is  applied  to  the  various  types  of  the  initial 
approximations  for  reception  of  the  various  solutions  [4], 

The  numerical  calculations  were  carried  out  for  plane  circular  antenna  (r((p  )  =  a,  a  is 
the  antenna  radius).  The  results  are  presented  for  the  phase  synthesis  problem.  The  prescribed 
amplitude  RP  were  Ej  ((p)  =  sin^  (tp  /  2)  (a)  and  /^((p)  =  sin^((p/2)  (b).  As  the  initial 
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approximations  for  the  desired  phase  distributions  next  functions  were  prescribed:  1  -  V  =  0; 
2-  v|;  =  0,  (0<(p’<7t),v|/  =  7i  (7C<(p'<27i);  3  -  y  =  sin((f)');  4  -  v  =  cos((p') ;  the  amplitude 
distribution  of  current  1«|=  1 .  In  Fig.  la,  b  are  presented  normalized  values  of  k  functional 
which  correspond  to  solutions  of  (7).  These  solutions  are  obtained  using  the  iterative  process 
(10)  (the  curves  1-4  correspond  to  various  types  of  the  initial  approximation).  At  the  smal 
values  of  ka  for  the  prescribed  amplitude  RP  and  F2  exist  two  and  three  solutions 
respectively.  The  new  solutions  appear  if  the  value  of  ka  increases.  For  more  exact 
determination  of  the  branch  point  of  solutions  is  necessary  to  apply  analytical  approach. 

The  synthesized  amplitude  RP  1/1  corresponding  to  the  curves  1  and  2  in  Fig.  la,  b 

respectively  and  the  prescribed  amplitude  RP  F  are  presented  in  Fig.  2a,  b  for  ^  =  5 . 


Fig.  la. 


Fig.  2a.  F‘8  2b. 
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SYNTHESIS  OF  IMPEDANCE  REFLECTOR 
WITH  GIVEN  SCATTERING  CHARACTERISTICS 

Yuri  V.  Yukhanov,  Sergey  N.  Sorokin 

Taganrog  State  University  of  Radio  Engineering,  Taganrog,  Russia,  airpu@tsure.ru 


Abstract  -  The  problem  of  synthesis  of  an  impedance  reflector  having,  at  the  working 
wavelength,  the  same  radar  cross-section  as  some  perfectly  conducting  reflector  is  considered. 
Analjdical  expressions  for  determining  the  distribution  of  components  of  tensor  of  surface 
impedance  for  the  synthesized  reflector  are  obtained.  The  influence  of  the  shape  of  reflector  on 
its  frequency-selective  properties  is  investigated. 


We  shall  consider  a  problem  of  synthesis  of  a  reflector  with  the  given  radar  cross- 
section  (RCS)  and  frequency  properties  in  the  following  statement. 

Suppose  that,  in  the  free  space,  a  three-dimensional  reflector  is  located,  on  whose 
surface  the  Leontovich  impedance  boundary  conditions  ^e  imposed.  The  surface  of  impedance 
reflector  is  assumed  to  be  a  body  of  rotation,  the  contour  of  whose  longitudinal  section  is 
described  by  the  equation />(^).  The  tensor  of  surface  impedance,  in  order  to  eliminate  thermal 
losses,  is  assumed  as  corresponding  to  a  closely  spaced  mesh  of  purely  reactive  strips  (Fig.l). 
In  some  volume  Fo,  located  in  the  far  zone  of  reflector,  there  distributed  are  electrical  and 
magnetic  currents.  They  generate,  in  space  V,  a  locally  plane  electromagnetic  wave  that 
propagates  along  the  direction  and  excites  the  impedance  reflector.  It  is  required  thus 


to  determine  a  distribution  of  components  of  tensor  of  surface  impedance,  such  that  in  the 
backward  scattering  direction  the  RCS  of  the  synthesized  reflector  is  same  as  RCS  of  some 
reference  perfectly  conducting  reflector  with  a  surface  <Sq  . 


As  a  reference  reflector,  another 
body  of  rotation  is  used,  the  contour 
of  whose  longitudinal  section  is  given 
0  by  the  equation  ) .  The  reference 
reflector  is  located  coaxially  with  the 
impedance  reflector. 

The  formulated  above 
problem  is  solved  by  the  method 
developed  in  [1].  For  the  solution  it 
is  necessary  that  the  radius  of 
curvature  of  reflector  is  much  greater 
than  the  wavelength.  It  enables  us  to 
use  the  Physical  Optics 
approximations.  A  natural  way  of 
solving  the  problem  implies 
introducing  a  local  system  of 


coordinates  Here  «  is  the  normal  vector  to  the  surface  of  reflector,  P  is  the 
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tangential  vector  to  the  contour  of  the  surface  longitudinal  section,  » <p  is  the  unit  vector  of  the 

spherical  system  of  coordinates  centered  at  the  axis  of  syimetry  of  reflector 

from  its  too.  In  this  case  the  tensor  of  surface  impedance  takes  a  diagonal  fom  For 

determining  Ae  distribution  of  components  of  this  tensor  of  impedance  we  sM  act  as  fo^o^s. 

First  we  derive  the  expressions  characterizing  the  fields  scattered  by  impe  n 
reference  reflectors.  By  equating  them  m  the  dir^tion  f 

integral  relation  for  the  unknown  components  of  impedance  tensor.  Then  we  shall  find 
components  based  on  the  condition  of  identity  of  phase  factors  in  the  mtei^and  ^ 

resuU  we  shaU  come  to  a  set  of  two  equations,  which  appear  not  solvabte  andytically  for  m 
arbitrary  direction  of  propagation  of  the  incident  field  or  if  the  reflector  surface  is  not  a  body  o 
rotation  [1],  The  analysis  of  the  obtained  equations  shows  that  for  an  a^trary 
propagation  of  the  incident  wave,  the  distribution  of  components  of  the  tensor  of  surfece 

impedance  depends  on  the  both  of  angular  coordinates  8  and  <p  in  a  compUcated 

In  the  most  important  for  practice  case,  when  the  incident  wave  propagates  along  the 
axis  of  symmetry  of  reflector,  the  derived  set  of  equations  sphts  into  two  mdependent 

dv^uatiuiid. 

=rg(Ao/2)/cosrp;X22  =cosr/g(Ao/2), 

where  cosy ^  =  ngSinO  -  n^cos0;  Aq  =  2^(p  cosO  -  pQ  cosOq  ) 

Xji  =Zii  fW,X22  =^22  ^  =120jt  Ohm  is  the  free  space  impedance, 

are  the  projections  of  a  unit  normal  vector  to  the  surface  of  reflector  on  the  vectors  of 
the  sphmcal  system  of  cootflinates;  k  =  The  angles  are  connected  by  the 

equation  p  sin  0  =  p  o  ® » •  _  .  ,  j*  •  e 

The  analysis  of  the  obtained  equations  shows  that  with  an  axial  dii^ion  o 
propagation  of  the  incident  wave,  the  distribution  of  components  of  the  tensor  Z  depen  s 
Lldy  on  one  angular  coordinate  6,  as  the  impedance  md  the  referme  reflectors  are  to 
coaJal  bodies  of  rotation.  The  resuhs  of  computaUons  enable  us  to  malm  a  conclusio^t  if 
using  an  impedance  reflector  shaped  as  a  body  of  rotaflon,  the  distribution  of 
ten^r  of  the  suifice  impedance  quickly  changes  along  the  generator  of  reflector.  The  penod  of 
variation  of  components  of  impedance  tensor  and  its  uniformity 
reflector  is  determined  the  shape  of  the  latter.  So.  in  the  case  of  circular  cone  used  as  r^o^ 
the  period  of  variation  of  the  impedance-tensor  component  remains  constant  along  the 

reflecto^generator^  formulas  were  used  in  the  computations  of  the  monostatic  scattenng 

characteristics  of  the  reference  and  impedance  reflectors.  So,  for  a  flat 
simulating  a  conical  reflector  with  the  tip  angle  of  90  degrees,  the  sector  of  angles  of 
competitive  values  of  the  RCS  patterns  is  ±2\  Further  we  investigated  m  opportumty  to 
simulate  a  flat  perfectly  conducting  disk  by  an  impedance  comcal  reflector.  The  mialysis  of  the 

obtained  results  shows  that  within  the  approach  of  Physic^  Optics,  “  ^  nf 

of  impedance  reflector  is  equal  to  RCS  of  a  perfectly  conducting  disk.  The  sector  of  an^es  of 

close  values  of  the  scattering  characteristics  is  ±  5" .  For  the  estimation  of  sector  of  angles  o 
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competitive  levels  of  the  scattering  characteristics,  in  the  case  of  axial  excitation  of  reflectors, 
the  following  analytical  formula  was  derived; 

AS  <  2  arcsin  ^7t/l6  A:  sup  |p „  cos  0  „ - pcos  0 1 , 
where  sup  means  the  upper  limiting  value  of  a  function. 

The  analysis  of  the  latter  expression  shows  that  the  sector  of  angles  of  concurrence  of 
the  patterns  is  determined  by  the  difference  between  the  shapes  of  reflectors.  It  is  visible  that  a 
reduction  of  shape  difference  between  the  impedance  and  the  reference  reflectors  leads  to  a 
growth  of  the  size  AS.  The  results  given  by  this  formula  are  in  good  agreement  with 
estimations  obtained  by  means  of  computing  the  scattering  characteristics. 

The  properties  of  the  synthesized  reflectors  were  further  investigated  in  a  frequency 
range.  It  was  supposed  that  the  obtained  distributions  of  components  of  surface  impedance 
tensor  were  realized  by  a  closely  spaced  system  of  grooves  of  variable  depth.  It  has  been 
shown  that  the  frequency-selective  properties  of  an  impedance  reflector  are  deteiraned  by  its 
shape.  For  reducing  the  RCS  of  a  reflector  outside  of  a  working  band  of  frequencies,  it  should 
be  fabricated  as  an  elongated  body,  for  example  as  a  circular  cone  with  a  sm^l  tip  mgle. 
Reflector  frequency  characteristics  in  this  case  have  a  resonant  character.  Its  wiotn  is 
determined  by  the  tip  angle  value  of  a  conic  reflector.  A  variation  in  the  wavelength  of  the 
incident  field  results  in  the  deformation  of  scattering  characteristics  of  impedance  reflector. 
The  character  of  deformation  is  determined  by  the  shape  of  impedance  reflector  and  the  change 

of  frequency. 

Interesting  results  were  obtained  for  an  impedance  disk  simulating  a  conical  reflector 
with  a  small  tip  angle.  It  is  known  that  RCS  of  a  conical  reflector  in  the  axial  direction 
decreases  with  a  reduction  of  the  reflector  tip  angle.  The  analysis  has  shown  that  RCS  of  an 
impedance  reflector  at  the  working  wavelength  of  the  incident  field  is  the  same  as  that  of  a 
reference  perfectly  conducting  reflector.  However,  changing  the  wavelength  of  the  incident 
wave  results  in  a  growth  of  RCS  of  impedance  reflector.  The  latter  can  be  explained  by  the  fact 
that  the  obtained  distribution  of  components  of  surface  impedance  tensor  at  the  working 
wavelength  results  in  a  mutual  cancellation  of  the  fields  scattered  by  various  elements  of  the 
surface  of  a  reflector.  With  a  change  of  the  frequency  of  the  incident  field,  the  phase 
differences  between  the  fields  scattered  by  various  sections  of  the  surface  of  reflector 
experience  disturbances  that  results  in  the  growth  of  RCS.  In  the  opposite  case,  when 
impedance  cone  is  used  for  modeling  a  perfectly  conducting  disk,  the  obtained  distribution  of 
components  of  surface  impedance  tensor  should  provide,  in  the  axial  direction,  an  addition  of 
the  fields  scattered  by  the  elements  of  a  reflector  surface.  Therefore  a  change  of  the 
wavelength  of  the  incident  field  results  in  reduction  of  reflector  RCS. 
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NEW  RIGOROUS  SOLUTION  OF  SOME  ANTENNA  SYNTHESIS  PROBLEMS 
ACCORDING  TO  PRESCRIBED  AMPLITUDE  RADIATION  PATTERN 
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Abstract.  The  problem  of  the  least-square  minimization  of  the  difference  between  the  prescribed 
and  obtained  amplitude  patterns  is  solved  for  the  linear  antenna  in  the  closed  form  with  a  limited 
number  of  complex  parameters  which  are  calculated  from  the  set  of  transcendental  equations. 
The  number  of  parameters  depends  on  the  electrical  length  of  antenna.  Numerical  results 
concerning  two  concrete  problems  are  presented.  The  method  is  extended  to  the  equidistan 

linear  applied  to  other  problems  described  by  the  continuous  or  discrete 

Fourier  transformation. 

One  of  the  approaches  to  the  antenna  synthesis  problem  according  to  the  amplitude 
radiation  pattern  consists  in  the  least-square  minimization  of  difference  between  the 
prescribed  and  obtained  amplitude  patterns.  This  pioblem  was  foiiiierry  re^uceu  tO  a 
non-linear  integral  equation  [1].  The  equation  has  nonunique  solutions  branching  out 
when  the  electrical  antenna  size  increases.  This  equation  was  solved  and  analyzed 

numerically  case  of  linear  antenna,  the  above  problem  may  be  analytically  reduced  to 
a  finite  set  of  transcendental  equations  in  some  unknown  complex  parameters  [2J.  In 
this  case  the  functional  to  be  minimized  has  the  form 


—  ou 

where  F{4)  is  the  given  amplitude  pattern  (a  finite  positive  function  with  the  support 
I- LI])-  fiO  is  the  obtained  radiation  pattern 


/(^)=  \u{x)e‘’^^dx, 

« 


c  =  ka  sin  a  is  a  dimensionless  parameter  of  the  problem,  u{x)  is  the  current  distribution 
at  the  antenna,  sin  .9/sin  a  is  a  generalized  angle  coordinate,  2a  is  the  angle  outside 
which  =0.  The  problem  is  reduced  to  the  nonlinear  integral  equation 

3, 1  ['  ^  (3) 

The  current  distribution  at  the  antenna  is  calculated  according  to  the  solution  of  (3)  by 

a  simple  formula  [1]. 

It  is  proved  that 

^  g(QP^(^)/\p„U)\  (4) 

where  =  i,).  4,  are  possible  zeros  of  Ai). 

J 

n=\ 

Nis  some  integer  dependent  on  c,  % n,m -1,2,. N . 
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The  complex  parameters  %  satisfy  the  following  set  of  transcendental  equations: 
F(  ^)g(^  f  sin  c^l\Pj,  (^)|  =  0 ,  (6a) 


|y(^)g(9rcos<;§'|/V(^)|rf^  =  0,  (6b) 

n=0,\,...,N-\.  Relation  between  the  number  of  multipliers  in  (4)  and  parameter  c  is 
described  by  a  simple  inequality. 

The  branching  points  of  the  solutions  are  such  values  of  c  at  which  the  equations 
(5)  are  satisfied  for  different  values  of  N  simultaneously. 

In  Figs.  1-3  the  results  concerning  two  cases,  /;(4)  =  1/V2,  gi(^  =  l  and 


F2(^  =  sin3|^,  g2(^  =  sign|,  are  presented.  Typical  dependances  Re77„  (solid  lines) 
and  Im  r]„  (dotted  lines)  on  c  is  given  in  Fig.l  for  the  first  case.  The  curves  are  indicated 
by  numbers  equal  to  the  values  of  'N  in  (5).  Fig.  2  shows  the  optimal  values  of  o  (solid 
lines)  and  values  cr,  of  the  functional  at  Im  /(^  =  0  (dashed  lines).  Dotted  lines  denote 
borders  between  intervals  with  different  values  of  N  in  the  optimal  solution.  Numbers 
at  the  curves  are  the  same  as  the  subscript  of  F.  Dependance  of  the  "synthesis 


eiiccuvu^/ 


whciC 


— — 
aatioiit/o 


presented  in  Fig.  3.  This  value  shows  how  much  the  antenna  can  be  shorted  due  to 


choosing  the  phase  pattern. 


3456789  10  11 

C 

Fig.  1 .  Parameters  in  solutions  of  nonlinear  equation  (3) 


The  results  are  generalized  to  the  equidistant  linear  antenna  array  with  d  as  the 
distance  between  its  elements.  In  this  case  the  functional  to  be  minimized  has  the  form 
(1)  with  integration  over  {-nlc.nlc)  where  c^kdsma.  In  this  case  the  integral 
equation  for  the  optimal  pattern  is  [1] 


A?) 


j.  sin(Mc(^-  ^') 
2;rJ,  sin(c(^-^')/2) 


(7) 


where  Mis  the  number  of  elements  in  the  array.  Formula  (4)  is  substituted  for 


with  T-  tan(c^/2).  Accordingly,  the  equations  (6)  are  substituted  for 
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jV(|)g(^/  sin(cM^/  2)Vl+z^/|/V(r)|(/|=0  (9a) 

J'  F{  ^)g(^  cos(cM^  1 2) Vrr? l\Pf,  (  t)]  (/<^  =  0 .  (9b) 
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Fig.  2.  Value  of  functional  at  optimal  and  synphase  patterns 


Fig.3.  Synthesis  effectivity 
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V.  A.  Obukhovets 

Radio  Engineering  Faculty,  Taganrog  State  University  of  Radio  Engineering 
44  Nekrasovsky  street,  GSP-17A,  Taganrog,  347928  Russia 
e-mail:  decan@vao.md.su 


ABSTRACT. 

Universal  phased  array  pattern  synthesis  procedure  is  considered.  Radiating 
elements  mutual  coupling  is  taken  into  account  by  using  the  array  impedance  matrix.  The 
procedure  is  applicable  to  arbitrary  array  geometry  with  N  radiators  of  any  arbitrary  sort. 
The  required  array  pattern  is  specified  at  M  prescribed  points  with  a  restricted  sidelobe 
level.  The  pattern  synthesis  is  considered  as  a  gain  maximization  process  with  arbitrary 
additional  conditions.  The  variational  principles  are  used  to  obtain  the  initial 
approximation,  than  this  solution  is  to  be  corrected  by  using  some  iterative  process.  Only 
the  active  part  of  the  impedance  matrix  is  needed  to  be  known  for  the  problem  solving. 

1. INTRODUCTION. 

There  are  three  main  kinds  of  the  antenna  array  synthesis  problems.  They  are  the 
problems  of  approximation,  interpolation  and  optimization. 

The  first  ones  appear  when  it  is  necessary  to  provide  a  required  beam  shape.  In 
this  case  the  required  pattern  is  stated  as  a  function,  which  is  determined  in  the  whole 
angular  domain  and  includes  the  sidelobes.  That  is  why  rather  large  computational  efforts 
are  needed  for  minimizing  the  aim  function  in  the  whole  angular  domain.  For  example, 
the  Chebyshev-synthesized  pattern  has  one  and  the  same  sidelobe  level  even  for  the  far 
lobes.  This  is  the  reason  of  a  gain  value  decreasing.  For  the  practical  needs,  important 
parameter  is  only  the  level  of  the  sidelobes  but  not  their  shapes. 

Interpolation  synthesis  problems  are  somewhat  closer  to  the  practical  needs  be¬ 
cause  their  solutions  provide  the  pattern  control  at  several  prescribed  points.  If  the  num¬ 
ber  of  elementary  array  radiators  is  large,  it  is  possible  to  tune  the  sidelobe  level  by 
choosing  prescribed  points  in  the  sidelobe  domain.  However,  the  intervals  between  these 
points  cannot  be  controlled.  Introducing  an  additional  number  of  points  increases  the 
problem  «dimension»  and  hence  the  computing  expenses.  Besides,  interpolation  problem 
solutions  do  not  enable  one  to  minimize  the  radiated  power  (i.e.,  the  norm  of  currents). 

The  most  realistic  problem  formulation  is  to  determine  the  distribution  of  the  cur¬ 
rents  that  provides  a  coincidence  between  the  required  and  the  realized  patterns  at  a  fi¬ 
nite  number  of  points  and  satisfies  a  prescribed  sidelobe  level  restrictions.  This  formula¬ 
tion  implies  only  the  upper  sidelobe  level  restrictions  and  does  not  require  the  coinci¬ 
dence  of  the  patterns  at  the  sidelobe  domain. 

2.PR0BLEM  SOLUTION 
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The  first  step  in  the  problem  solution  is  the  pattern  synAesis  procedure  which 
provides  a  maximum  directive  gain  and  coincides  with  the  required  pattern  at  M  pre¬ 
scribed  points: 


G(6>„^i)->-max, 


with  F{9„,(p„)-a„, 


(1) 


The  first  condition  in  (1)  is  equivalent  to  Fi^6^,(p^) and  'M 

where  is  the  array  gain,  F{e„,(pJ  are  the  pattern  values  at  prescribed  points, 

is  the  array  input  power,  {i*  is  the  row-matrix  of  conjugate  current  distnbutions, 
y)rthe  column  current  matrix,  [r]  is  the  rectangular  matrix  of  the  real  parts  of  input 

This  problem  can  be  treated  in  the  variational  sense,  i.e.  as  minimization  of  the 
fiinctional  given  by 


M 

T'(/)  )  =  {/*  [r]  •  /)  +  Z  •  i)  ’ 


(2) 


are  the  Lagrange  factors,  is  the  row-matrix  of  array  radiators  at 

-directions.  In  the  minimum  of  (2)  its  first  variation  is  zero.  That  yields  the  following  cur¬ 
rent  matrix; 

Unknown  expansion  coefficients  m.  can  be  calculated  by  solving  the  following  set  of 
linear  algebraic  equations; 


M  .  . 


W 


The  realized  pattern  is  the  following  one: 

FiO,  <p)  =  -Z  )  ■  ^1"’  ■ 

This  pattern  can  have  the  sidelobe  amplitudes  higher  than  the  prescribed  limit 

valvje  t 

So  the  next  step  in  the  solution  is  to  correct  the  «initial»  pattern  (5)  by  adding 
some  new  control  points  to  the  synthesis  conditions  (1).  The  prescribed  pattern 

values  at  these  points  must  be  equal  to  t .  Then  the  procedure  is  reiterated.  To  solve  the 
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set  (4),  the  number  of  eontrol  points  M  can  not  exceed  the  number  of  array  radiators  N 
minus  one. 

Proposed  synthesis  procedure,  in  the  simplest  case  when  the  number  of  pre¬ 
scribed  points  M  =1,  provides  a  pattern  with  maximum  gain  in  the  direction 
without  any  other  restriction  [1],  ForM>  7,  the  current  distribution  (3)  can  be  treated  as 
a  linear  combination  of  the  several  simplest  (i.e.,  corresponding  to  M  =  1)  distributions. 
Each  of  them  provides  maximum  gain  in  the  corresponding  direction  {0„,(p„) .  In  the 
iterative  process,  such  «partial»  patterns  develop  a  minimum  distortion  of  the  initial  pat¬ 
tern.  By  using  functional  analysis  techniques  one  can  prove  the  iterative  procedure  con¬ 
vergence.  A  great  number  of  sample  synthesis  computations  have  shown  that  normally 
only  several  iterations  are  needed  for  problem  solving. 

If  M  =  A ,  the  pattern  (5)  coincides  with  prescribed  values  at  the  points 
without  any  gain  maximization.  For  M  >  A ,  only  a  mean  square  approximation  can  be 
provided.  The  same  conclusions  can  be  done  in  the  case  of  traditional  interpolation  syn¬ 
thesis  problems. 

One  of  the  main  features  of  the  proposed  synthesis  procedure  is  that  it  takes  into 
account  the  array  elements  mutual  coupling.  Only  real  part  of  the  impedance  array  matrix 
is  needed  for  the  problem  solving.  Its  computation  is  much  easier  than  a  full  complex 
matrix  determination. 

There  are  no  any  limitations  either  on  the  radiator  type  or  on  the  array  geometry. 
Polarization  properties  can  be  calculated  if  the  radiator  pattern  is  a  vector  function. 
Several  examples  of  numerical  synthesis  of  cylindrical  array  patterns,  both  in  the  azi¬ 
muthal  and  in  the  axial  planes,  with  specific  shapes  and  diflFerently  limited  sidelobe  levels 
in  diflFerent  angular  sectors  will  be  presented. 

3.CONCLUSIONS 

Effective  iterative  procedure  has  been  proposed  for  an  arbitrary  antenna  array 
synthesis  based  on  the  gain  optimization  process  with  some  additional  restrictions. 
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ON  THE  STRUCTURE  OF  THE  SOLUTIONS  OF  THE  ANTENNA  SYNTHESIS  PROBLEMS 
according  TO  THE  PRESCRIBED  AMPLITUDE  DIRECTIVITY  PATTERN  USING  THE 

REGULARIZATION  FUNCTIONALS 
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Abstract  It  is  known,  that  the  antenna  synthesis  problems  according  to  the 
prescribed  amplitude  directivity  pattern  belong  to  the  class  of  essentially  incorrect 
problems.  The  absence  of  the  demands  to  the  phase  directivity  pattern  under  the 
Lditions  of  the  problem  should  be  used  as  the  additional  possibility  to  improve 
the  approximation  of  the  synthesized  directivity  pattern  (DP)  to  the  given  one. 


the  same  time,  the  nonlniect^^vj-  v 


me  saixic  i-xmc,  txxc  xi^xxxxxx^v.^*vj  - x -  '  ,  •  „  i.1.  „  l„+;...wo  Tn  tUic 

solutions  that  complicates  the  process  of  numerical  searching  the 
report  the  investigations  of  the  quantity  and  quality  characteristics  of  the  existing 
solutions,  based  on  the  methods  of  functional  analysis,  is  given  m  the  cases  of  the 
linear  antenna  and  the  antennas  with  plane  aperture  and  their  discrete  analogy 
(antenna  grids).  It  turns  out,  that  the  quantity  and  the  quality  of  the  solutions 
depend  on  the  value  of  the  electrical  size  of  the  aperture,  on  the  value  of  the  space 
angle  (where  the  DP  is  given),  and  on  the  quality  of  DP. 

Statement  and  Solution  of  the  Problem.  Let  /  be  the  DP  of  the  radiating 

system,  prescribed  by  the  linear  quite  uninterrupted  operator  A{c)  acting  from  the 
Hilbert  space  of  the  apertured  functions  Hjj  into  the  space  of  the  realized  DP  Hj- 

f  =  AU^A^U  +  A^V.  (1) 

The  form  and  the  properties  of  the  operator  A(c)  =  {A^, Acp}  depend  on  the  type 
and  geometry  of  the  radiating  system.  The  parameters  charactenzing  the 
electrfcal  size^of  the  aperture  (named  as  the  main  parameters  of  the  synthesis 
problem)  are  contained  in  the  operator  A  nonlinearly,  =  as  a  rule.  The  variational 
problem  consists  in  searching  such  function  of  the  amplitude-phase  distribution  of 
the  fields  (currents)  U  on  the  aperture,  minimizing  the  regularization  functional 

It  consists  of  the  mean-square  deviation  of  modules  of  the  synthesized  DP 
/=(/s+4r  \F\  =  (Fi+FiT>  and  limiting  the  norm  of  the 

aperture^functwn^  of  searching  the  points  of  minimum  is  reduced  to  finding  the 
solutions  of  Euler's  equations  of  the  regularization  functional  Cp  relative  to  either 
Optimal  amplitude-phase  distribution  (APD) 

pt? = -AiA,u - a:,aJ] + 4( )  P) 

of  the  fields  (currents)  or  optimal  synthesized  DP  / 
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p/o = -4'4S/»  -  V"/' ) + 

P4  =  -44/.  -  44/ + 44(  ) + 44(4<>'"'^'' )  (4 

These  equations  are  the  equivalent  ones.  They  include  besides  the  nonlinear 
operator  of  Hammerstein's  type  the  self-adjoint  negative  halfdefined  linear 
operator  in  the  right  parts. 

It  shoud  be  noted,  that  for  the  analytical  investigations  the  equation  (4)  in 
regard  to  synthesized  DP  is  more  simple.  The  equation  (3)  relative  to  the  optimal 
APD  is  prefered  for  searching  the  numerical  solutions  for  the  antenna  grids. 

The  existence  of  the  solutions  of  the  equations  (3),  (4)  is  proved  by  the 


following  theorem. 

Theorem.  Let  the  operator  A  acts  from  the  complex  Hilbertian  space  of  the 
vector-valued  functions  Hy  into  the  complex  space  of  the  uninterrupted  functions 
Hr  with  introduced  integral  metric,  and  it  is  quite  uninterrupted.  Then,  the 

t  ,  7  ^  ^  ^  _ _  TJ  4-1-, 


SOTt'lC 


.  4:  *U  U  ‘f-Ur. 

\JJ  t/ftc  OjpU-UC.  }  Ht/O 


J 

functional  ap  take  on  the  vvirairuaJ  vavue  at 
equation  (3)  in  the  space  Hy  and  the  equation  (4)  in  the  space  Hj  each  has  at  least 


one  solution. 

It  is  shown,  that  in  the  case  of  arbitrary  positive  value  of  the  main 
parameters  c  of  the  problem  the  Exiler's  equation  (4)  has  at  least  two  solutions 
7,.  /j  in  the  region  of  the  real-valued  functions.  We  shall  name  these  solutions  as 
primary  ones  of  the  first  (yj)  and  second  i/2)  typ®-  The  solutions  for  the  linear 
antennas  and  for  the  grids  should  be  written  in  the  evident  form.  The 
characteristic  peculiarity  of  the  primary  solution  of  the  second  type  is  that  at  some 
points  of  the  region  in  which  the  main  lobe  of  the  necessary  amplitude  DP  is 
given,  it  becomes  equal  to  zero.  "When  the  main  parameters  of  the  problem  are 
little,  the  primary  solutions  minimize  the  researched  functional  (2).  The  efficiency 
of  the  primary  solutions  depends  on  the  properties  of  the  given  DP  F  .  If  the  given 
DP  at  some  internal  points  of  {2,  the  region  of  its  definition^  equals  to  zero,  it  is 

more  effective  to  use  the  primary  solution  of  the  second  .type  /2. 

With  the  growth  of  the  value  of  the  main  parameter  C,  the  complex 
solutions  which  are  more  effective  (in  the  sense  of  the  value  of  functional  (2))  than 
the  primary  ones,  are  branching  from  the  real  primary  solutions.  The  branching 
points  of  the  solutions  can  be  found  by  solving  either  the  corresponding  systems  of 
transcendental  equations  or  the  generalized  eigen-value  problem  with  the 
nonlinear  spectral  parameter.  The  corresponding  iterative  processes  are  built  and 
their  convergence  is  proved.  It  is  shown,  that  the  branching  points  of  two  types 
exist  for  every  primary  solution.  The  results  of  investigations  of  branching  the 
solutions  at  every  point  are  given. 

The  general  structure  of  the  solutions  can  be  shown  in  the  form  of  two 
"trees"  of  the  solutions.  The  "trunks"  correspond  to  the  primary  solutions  and  the 
"branches”  to  the  branching  solutions  of  a  certain  type.  The  "tree"  of  the  solutions 
of  the  linear  antenna  synthesis  problem  is  shown  in  the  fig.  1,  in  the  case  when  DP 
has  form  F(^)  =  l.  The  primary  solution  is  denoted  by  fii^,c),  and  the  branching 
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solutions  are  denoted  by  (n=1.2,3).  The  points  of  branching  of  the  first 

and  the  second  types  are  denoted  by  where  j  is  the  number  of  the 

corresponding  branching  points,  cf  ^  is  the  branching  point  of  the  first  branched 


The  investigations  of  the  solutions  of  Euler's  equation  (4)  for  the  antennas 
with  plane  aperture  in  special  cases  is  based  on  modelling  the  problem  of  synthesis 
of  a  plane  aperture  by  two  independent  synthesis  problems  of  linear  aperture.  The 
dependence  of  the  number  of  the  solutions,  branched  from  the  first  primary 
solution  of  the  synthesis  problem  of  the  antenna  with  plane  rectangular  aperture, 
on  the  main  problem  parameters,  is  shown  in  fig.  2.  The  given  amplitude  DP  has 
two  planes  of  symmetry,  c\J\cf  are  the  points  of  branching  of  the  primary 


solutions. 

The  equations  (3)  are  solved  numerically  by  the  successive  approximation 


method  according  to  the  implicit  scheme 


|3U„,  +  =  4( 


/arg4pt/„ 


The  convergence  of  iterative  process  is  proved.  To  receive  the  solution  of  either 
type,  the  initial  approach  of  it  should  be  taken  in  a  certain  way.  The  numerical 
examples  of  synthesis  of  some  given  DP  and  the  structure  of  their  solutions  are 


Fig.  1. 


Fig.  2. 
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NONLINEAR  INVERSE  PROBLEMS  OF  TIME-HARMONIC  WAVE 
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Abstract.  The  paper  deals  with  a  theoretical  and  numerical  study  of  nonlinear  inverse 
problems  of  time-harmonic  wave  suppression  in  regular  three-dimensional  waveguides.  In 
these  problems  the  field,  which  is  generated  by  a  primary  source  is  given  and  it  is  required  to 
suppress  it  completely  or  to  minimize  it  by  the  action  of  secondary  sources.  The  problems  are 
considered  as  the  minimization  problems  of  some  cost  functionals.  The  power  radiated  to  the 
far  zone  of  the  waveguide  or  the  potential  energy  of  the  field  in  some  bounded  domain  of  the 
waveguide  are  used  as  these  functionals.  The  coordinates  and  amplitudes  of  the  secondary 
antennas  play  the  role  of  controls.  Each  of  the  mentioned  functionals  is  a  quadratic  function  of 
the  complex  intensity  and  a  nonconvex  general  function  of  the  point  source  coordinates^ 
Efficient  numerical  method  for  solution  of  these  problems  is  developed  and  some  results  of 
numerical  experiments  are  discussed. 

Suppose  that  D-Dh  ={x=(^,  z)eR'  ■.0<z<H,-d/2<y<df2,-co<x<^}h&  regular 
three-dimensional  acoustic  waveguide  of  the  depth  H  with  a  pressure-free  upper  boundary  z-0 
and  rigid  other  boundaries.  Other  parameters  are;  the  frequency  o  >  0,  constant  density  p>0, 
and  the  variable  sound  velocity  c(z)  e  L^iO,H).  Denote  by  {%},%)  a  point  monopole  with  a 
center  %j  =  e  D  and  a  complex  amplitude  Direct  problem  of  the  sound  radiation  in 

the  waveguide  D,  generated  by  V  monopoles  j—\,2,...^,  consists  of  finding  a  solution 
(acoustic  pressure)  p  of  the  Helmholtz  equation 

p  p  p  j2/  \  s/  \  _  /'I'j 

dx  oy  oz  >=)  c 

in  D,  satisfying  the  radiation  condition  as  x->  oo  and  the  boundary  conditions 

»  =  0  at  z  =  0,  =  0  at  z  =  /f,  ~  =  0  at  >'-+«//  2.  (2) 

^  oz  oy 

If  we  setD"  =  {  X  €  D :  x>x"  >Xj,  7=  1,2,.. .,V},  T  =  {x  e  D  :  x  =  then,  by  using  the 
Fourier  method,  the  solution  of  the  direct  problem  can  be  represented  inD  as  [1] 

Hereq^  =  (/w- l)7t/f/,  XiCv)  =  XmCy)  =  ^2 /</ cos[ri„(>'  +d / 2)], 

and  (p„  are  the  eigenvalues  and  normed  eigenfunctions  of  the  spectral  problem: 

cp"(z)-h[A:n^)-^']<P  =  0,  <f)(0)  =  0,  (p'(/^)  =  0.  (4) 

It  is  well-known  that  as  «  ->  qo.  Also,  we  assume  that 

ImC„„  >  0  and  CL  ^  ^  0,  V(/w,«)  €NxN . 

Suppose  that  Z,  is  a  number  of  all  pairs  (/w,w)e  NxN  for  which  and  every  such 

pair  {rn,ri)  corresponds  to  a  single  subscript  /  which  varies  fi’om  1  to  L.  Denote  by  A  —^(xy)  the 
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rectangular  LxN  -  matrix  with  the  components  =Cmf 

q=(^i,^2v . .  ,^w)-  If  in  besides  of  the  field  (3),  there  is  a  (primary)  field 

ft(x,y,z)  =  -i  i  -^(P. Wx.WexiK/C.*)  (5) 

W,M=1  VSmn 

with  given  coefficients  generated  by  a  noise  source,  then  the  powers  Pip)  of  the  field  p,  Pb 
of  the  field  pfc  and  Pip^Pb)  in  are  determined  respectively  by  [1] 

P{p)  =  ^\\Hfc^  ’  ’  PiP  +  Pb)  =  -^U^-^\'^c^  • 

The  analysis  ofthe  formula  for  P{p+pb)  shows  that  this  formula  contains  AN+L  parametere: 
N  complex  amplitudes  %  L  complex  coefficients  fij  and  3i\r  coordmtes  Xj,  yj,  Zj  of  the  point 
sources.  Denote  the  3xN  matriK  (lattice),  which  consists  of  coordinates  Xj,  yj,  zj,  of 

considered  monopoles,  by  Z  and  the  corresponding  discrete  antenna  by  (Z,q).  So  one  can 
write,  in  particular,  that  P{p+pb)  -  Ji(Z,q,b).  Hence,  we  can  pose  several  inverse  e^ren^ 
problems,  each  of  them  corresponds  to  a  case  when  a  part  ofthe  parameters  is  feed  while  the 
others  are  to  be  determined.  For  example  an  interesting  problem  is  to  mimmize  the  power 
P(p+Pb)  in  D^.  This  problem  is  the  inverse  problem  of  active  nunimization  (suppression)  ofthe 
time-harmonic  acoustic  fields  that  has  a  great  practical  importance  [1,2].  Another  control 
problems  are  connected  with  minimization  ofthe  functional  J2(Z,q,b)  which  describes  the  total 
time-average  acoustic  potential  energy,  and  the  functional  y3(Z,q,b)  which  describes  the  sum 
ofthe  squared  sound  pressures  at  a  number  of  discrete  locations.  The  role  of  controls  is  playe 
by  the  array  Z  and  the  strength  vector  q  for  all  these  functionals. 

Now  we  formulate  mathematically  some  inverse  extremum  problems.  Let  0^=  [0  <  x  ^ 
^  d/l-5\x[5  ^z  <  H-S\,  where  ^0  be  feed.  By  B  we  denote  a  set  in  C 

formed  by  the  vectors  q=(^i,...,^v)  for  which  llql!c«  =l^if +-+!^a'P  ^  0o  ■  Qo  ^ 

parameter  which  has  a  sense  of  restriction  to  the  power  supplied  to  the  antenna  (Z,q).  Let  J  is 
any  functional  of  Ji,  Ji,  Jz  ■  We  are  interested  in  the  following  minimization  problems;  ^ 

Problem  1.  Given  an  integer  N,  and  a  vector  b  in  ^find  a  discrete  antenna  (Z,q),  Ze  Qg  , 

qe5  such  that  J(Z,q,b)  — >inf. 

Problem  2.  Given  an  integer  N,  a  vector  beCf  and  an  array  Zo€  Qf ,  find  a  vector  qe5  sue 

r/iar  y(Zo,q,b)->inf.  .  c  j  j  • 

The  last  problem  in  which  the  coordinates  of  the  secondary  pomt  sources  are  feed,  and  it  is 
required  to  find  the  complex  amplitudes  %  by  minimizing  the  corresponding  quadratic 
functional,  has  been  studied  in  [1].  An  efficient  stable  method  based  on  regularization  method 
and  incomplete  singular  factorization  has  been  developed.  Using  this  method  we  have 
developed  the  algorithm  (Algorithm  1)  for  solving  nonquadratic  Problem  1  for  the  two- 
dimensional  waveguides  in  [3-5].  It  is  based  on  using  the  enumeration  type  technique  with 
respect  to  coordinates  of  monopoles  on  some  two-dimensional  grid  and  the  above  method  with 
respect  to  monopole  amplitudes.  Here  we  investigate  the  capabilities  of  Algorithm  1  for  a 
three-dimensional  homogeneous  waveguide  D  with  the  parameters  c=1450  m/sec,  ®=20;r 
taken  from  [1],  in  the  case  when  the  primary  field  is  generated  by  a  unit  monopole  located  at 
the  point  (0,0,i)  with  zq=H/1.  For  Problem  2,  the  secondary  array  was  in  the  form  of  a  vertical 
one  Z={0,0^o-jh:  m),  located  at  the  z  axis.  The  results  of  solving  Problem 

2  are  shown  in  Fig  la  where  the  curves  1,  2  and  3  describe  the  dependence  ofthe  magnitude 
of  the  power  suppression  (in  decibels)  \AP\dB-mog[P(p+PbyPb\\  on  N  for  the  depth 
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1000m  and  Qo^  equal  to  1, 3  and  10  respectively.  The  results  of  solving  Problem  1  by  using 
Algorithm  1  are  shown  in  Fig.  lb  where  curves  1,2  and  3  characterize  the  dependence  of 
|AP|dB  on  N  for  0o^=3,  for  three  values  of  the  depth  H  equal  to  400,  500  and  700  m. 


Analysis  of  Fig.  la  and  other  results  of  solving  Problem  2  (see  e.g.  [1])  shows  that,  for  a 
fixed  antenna  configuration,  the  maximum  value  of  su|5pressed  power  output  strongly  depends 
on  the  arrangement  of  primary  source  and  secondary  antenna  and  usually  does  not  exceed  20  - 
25  dB  even  for  the  relatively  large  values  of  the  number  N  of  secondary  point  sources.  On  the 
other  hand,  if  one  implements  the  pov/er  output  suppression  by  combining  an  optimal 
allocation  and  a  choice  of  monopole  amplitudes  by  using  Algorithm  1  of  solving  Problem  1, 
then  the  substantia]  reduction  in  the  power  output  of  a  primary  noise  source  having  the  order 
of  100  dB  and  higher  can  be  achieved  even  for  a  relatively  small  number  N  of  point  sources.  In 
fact,  we  can  see  fi-om  Fig.  lb  that  a  complete  (200  dB)  suppression  of  the  primary  source 
power  is  achieved  at  iV=8  for  the  depth  400  m  when  Z,=  19,  at  Ar=10  for  the  depth  500  m 
(Z=23)  and  at  A^=14  for  the  depth  700  m  (7=33).  It  is  worth  noting  that  this  fact  has  been 
obser/ed  in  a  wide  range  of  depths  H  (or  frequencies  m)  of  the  waveguide  D  and  distances  |X(?! 
to  the  primary  source.  Together  with  the  results  of  [3-5],  this  demonstrates  a  high  accuracy 
and  robustness  of  Algorithm  1  when  solving  nonquadratic  active  minimization  Problem  1. 
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Abstract  The  method  of  finding  the  permittivity  profile  of  graded-index  smgle-mode  plan^ 
waveguide  after  the  given  mode  parameters  is  described.  For  solving  this  inverse  problem  he 
some  universal  mathematical  model  of  profile  is  proposed.  It  has  the  shape  of  double  truncat^ 
exponential-power  function.  Each  set  of  function  parameters  coiresponds  to  a  P^iculw 
disUution  of  permittivity  in  the  waveguide.  Solution  of  direct  problem  by  the  shift  formula 
method  yields  the  mode  parameters  of  the  waveguide  [1].  Multiply  repeated  numerical 
of  direct  problem  by  special  algorithm  using  the  least-square  method  enables  us  to  select  e 
function  parameters  for  a  certain  set  of  mode  parameters.  As  a  result  of  the  procedure,  the 
profile  function  in  question  is  S5Tithesized. 

1.  For  describing  the  peiiriittivity  profile  m  a  wavepue,  me 
universal  function  [1].  It  has  the  following  form  (see  Figure); 

e{y)  =  sJ,1-2^^f^{y)\,  (1) 


where 


//  = 


'l-exp^y(Py(y) 


1-expfl , 


(2) 


y  =  1 ,  when  o<v<r;  7  =  2,  when  r < y < i , 


2s, 


A,= 


s^-8. 


28„ 


,  y  ,  ^-y 
,  <R=i-- ,  q>2=i-77- 
r  l-r 


(3) 


Here  Efy)  =  if  y  =  0 ;  e(y)  =  ,  if  =  r ;  8(y)  =  e„  if  y  =  1 . 

According  to  this  double  truncated  exponential-power  function,  the  permittivity  distribution 
in  the  waveguide  is  determined  by  9  parameters.  Such  a  model  can  be  used  for  the  studies  Ox 
the  waveguides  of  vastly  different  types.  By  solving  the  direct  problem  it  is  possible  to  get  the 
values  of  cutoff  frequencies  and  dispersion  characteristics  of  the  waveguides  wth  practic^ly 
arbitrary  permittivity  profile.  Such  a  versatility  of  the  model  makes  it  convement  for  solving  the 
inverse  problem,  i.e.  the  problem  of  the  permittivity  profile  reconstruction  after  the  mode 

^^SSy  for  solving  the  inverse  problem  a  knowledge  of  the  propagation  constants  of 
several  waveguide  modes  is  required  [2-6].  However,  in  case  of  a  single-mode  waveguide  the 
known  methods  (such  as  WKB-method)  cannot  be  used.  In  this  work  the  authors  propose  a 

method  for  solving  the  inverse  problem  for  such  waveguides. 

2  The  proposed  method  is  based  on  the  representation  of  permittivity  profile  using  the 
double  truncated  exponential-power  function.  As  stated  above,  the  profile  is  determined  by  9 
parameters  Usually  some  of  them  can  be  specified  beforehand  considermg  the  implantation 
process  of  fabricating  the  buried  waveguides  [7].  So  the  problem  of  profile  reconstmction 
reduces  to  finding  the  parameters  Pi,qi,P2,q2.  The  difficulty  of  the  problem  lies  m  the  fact 
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that  the  knowledge  of  at  least  two  values  of  propagation  constants  is  required.  It  is  possible  to 
get  them  by  considering  the  operation  of  the  waveguide  at  two  frequencies  within  the  limits  of 
single-mode  operating  regime. 


Fig.  Permittivity  profiles  of  two  waveguides  with  the  parameters: 
solid  line:  qi  =-3.0,  q2  =-2.0, pi  =  P2=  4.0. 
dash-dotted  line:  q/  —  qi'  =-1.15, pi '  —  P2  ~  2-66 

3.  In  order  to  study  the  details  of  solution,  the  conditions  of  the  problem  were  simplified: 
the  respective  parameters  in  both  parts  of  the  profile  were  assumed  to  be  equal,  i.e.  qi  ~  q2~ 
q  md  Pi  =  P2  =  P  ■  Firstly,  a  basic  profile  with  the  preset  parameters  was  chosen.  For  this 
waveguide  the  normalized  propagation  constants  Bj ,  B2  at  two  normalized  frequencies  Vj,  V2 
[8]  were  calculated.  The  frequencies  Vi ,  V2  were  within  the  limits  of  a  single-mode  regime. 
Furthermore  it  was  assumed  that  only  these  modal  parameters  were  known.  The  aim  was  to 
find  the  profile  parameters  p  ,  q  ■  The  way  to  solve  this  problem  is  described  below.  Some 
arbitrary  profile  parameters  are  chosen.  The  propagation  constants  are  calculated  at  two 
frequencies  Vj.  V2.  Then  they  are  compared  with  propagation  constants  of  the  waveguide  with 
basic  profile.  The  difference  between  the  values  of  propagation  constants  was  estimated  by  the 
least-square  method.  If  the  values  were  not  equal  to  each  other,  new  profile  parameters  were 
chosen.  At  the  first  step  this  is  made  rather  voluntarily.  Direction  of  profile  parameters  change 
is  chosen  so  that  the  sum  of  deviation  squares  becomes  smaller.  The  use  of  the  direct  problem 
solution  results  [1]  and  some  experience  made  the  procedure  easy  to  realize  and  it  could  be 

automated.  l  1  •  e 

However  the  least-square  method  appears  to  give  not  sufBcient  critenon  for  the  selection  ot 

parameters.  So,  in  addition  one  more  criterion  was  used:  the  closeness  of  the  vahe  (B2  - 

Bi)I{V2 -Vj)  calculated  for  the  modes  of  basic  waveguide  and  that  of  the  waveguide  under 

consideration.  •  j?  «i 

Simultaneous  application  of  both  criteria  gives  good  accuracy  in  the  selection  of  profile 

parameters.  For  instance,  in  the  case  of  the  basic  waveguide  with  the  parameters:  q  =-2.0,  p  = 
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4.0,  So  =1,  Sb  =2.280,  =2.285,  %=2.3 10,  r  =0.33  the  selection  gave  the  same  parameters, 

the  basic  waveguide  had  the  profile  parameters  of  which  one 

pair  was  diEferent:  q,  ”-3.0,  qi  =-2.0,  p,  =P2  =  4.0,  £b  -2-280,  ^-2-285  % 

0  33  For  this  profile  at  the  frequencies  V,  ”  3.0,  Vr  5.0  within  the  limits  of  the  sm^^mode 

regime,  the  normalised  propagation  constants  B,=  0.19599.  Br 

Tn  this  case  the  procedure  of  parameters  selection  is  similar  but  still  shghtly  ditters  wnen 

compared  with  the  procedure  conducted  before.  For  the  previous  profile  the 
basic  waveguide  in  the  both  parts  of  the  profile  were  equal  (qi  =  q2.  Pi -P2  )•  The  p^amete 
of  the  waveguide  to  be  synthesized  were  also  selected  on  the  basis  of  their  equa  ity^  ow  one 
S^reters  differ^  M,  ^  Qa  )  Pereas  the  selection  of  parameter  was  perfon^d  on 
the  basis  of  the  previous  assumption  of  their  equity.  Under  these  conditions  t  e  ca  cu  a  ions 

gave  the  following  results;  -^2'=-!  15, =2.66.  ^  '  n '=nn' at 

The  propagation  constants  of  the  waveguides  with  profile  parameters  P2 

the  set  freqLncies  coincide  with  the  propagation  constants  of  the  waveguide  wth  basic  profi  e 

X^etem  q..q.p,.p.  So,  it  can  be  statrf  that  "nt 

movomraFrarc  mvict  .aar-h  «atisfying  the  conditions  of  the  problem.  The  difference  between  the 
;;;;;:i5e'  s  makes  their  profiles  different,  but  this  <fifferen«  is  relatively  smdf 

Figure  shows  the  profiles  of  the  waveguides  with  parameters:  l):qi  --3.0,  ^2  -2^,  Pi  P2 
=A  n-9V  a  '  =ay'  =-l  15  P/'  =P2'  =  2.66.  It  should  be  noted  that  despite  the  difference  m 
;arlL?s  the  waveguides  are  equivalent  to  each  other  if  thdr  dispersive  characteristics  are 
considered,  at  least  in  the  interval  of  frequencies  between  F/  and  F2 . 
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Abstract.  Inverse  problems  for  a  half-space  with  time-varying  conductivity  are  solved.  Determination  of 
conductivity  time-dependence  after  the  scattered  field  is  carried  out  in  assumption  of  the  half-space 
homogenity,  for  a  propagating  conductivity  change  and  for  the  transient  conductivity  ingomogeneous  in  one 
dimension.  Analytical  solutions  for  the  conductivity  are  obtained  from  integral  equations  and  can  be  used  for 
the  diagnostics  problems  or  for  determination  of  the  conductivity  time-dependence  providing  the  required  field 
transformation. 

Introduction 

The  present  work  is  devoted  to  solving  the  inverse  problem  for  media  with  time-varying 
conductivity.  Time-varying  conductivity  can  appear  as  a  result  of  atmospheric  fluctuation,  nuclear  or 
chemical  explosion,  or  environmental  changes,  or  can  be  deliberately  created,  for  example  in  some  types 
of  semiconductors.  Electromagnetic  field  transformation  in  the  media  with  specific  time-dependences  of 
conductivity  was  investigated  for  harmonic  wave  and  harmonic  conductivity  [1],  and  for  the  opposite 
case  of  rectangular  pulse  and  time  jump  of  conductivity  [2, 3]. Recently,  a  splash  in  the  studies  of  inverse 
problems  for  conducting  media  in  time  domain  was  marked[4-5].  However,  although  the  transient  fields 
were  considered,  the  problems  were  solved  only  for  stationary  media. 


Common  formulation  of  the  problems 

In  this  work  we  consider  a  sequence  of  transient  problems  in  the  order  of  theirincreasing 
complexity.  Their  common  formulation  is  in  determination  of  conductivity  time-dependence  in  a  half¬ 


space  X  >  0  by  initial  and  scattered  fields. 


It  is  considered  that  the  unknown 
conductivity  change  starts  at  the  moment  t  =  0 
(Fig.  1).  Before  this  moment,  the  conductivity  value 
(if  it  was  constant)  or  time-dependence  (if  it 
changed)  are  assumed  known,  and  the  fields  for  t 
<  0  and  for  t  >  0  are  called  the  initial  and 
scattered  fields,  correspondingly.  The  fields  are 
considered  to  have  only  those  components,  which 
are  normal  to  the  x-axis  and  independent  on  the 
y-  and  z-  coordinates.  Thus  we  solve  one-space- 


dimensional  problems. 

Three  cases  are  considered  there;  the  case  of  a  homogeneous  transient  half-space,  the  case  of  a 
propagating  conductivity  change  and  the  case  of  an  ingomogeneous  half-space  with  transient 
conductivity.  For  each  problem  an  analytical  expression  for  the  conductivity  time-dependence  is 
obtained.The  external  region  is  assumed  to  be  a  stationary  homogeneous  lossless  medium. 

Mathematically,  the  problems  are  formulated  in  terms  of  the  Volterra  integral  equation  for  the 
electrical  component  of  electromagnetic  field  [6],  which  has  the  following  form  for  the  internal  field 
(inside  the  transient  region)  for  t  >  0,  X  >  0  .: 


Ei„(t,x)  =  A(t,x)---- 


0(vt  -x)  j  dt'  a(t',  X  -  v(t  - 1'))  X  -  v(t  - 1'))  - 

t-x/v 


(1) 


- — 0(x  -  vt)J  dt'  a(t',  X  -  v(t  - 1'))  Ei„{t',  X  -  v(t  - 1'))  -  ~  J  dt'  CT(t',  x + v(t  - 1'))  Ei„(t',  x + T(t  - 1')) 

E  V  „  E  V  ^ 


2n  < 
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and  for  the  external  field  for  f  >  0,  X  <  0 : 

E,,(t,x)  =  B(t,x)-~^0(vt+x)  Jdt'a(t',v(t-t')+x)Ei„(t',v(t-t')  +  x)  (2) 

EV 

where  the  terms  A  and  B  are  determined  by  the  initial  field  and  prehistoiy  of  its  interaction  with  the 
media,  e  is  the  dielectric  permittivity,  V  =  c/4e  is  the  light  velocity  in  considered  medium  and  the 
conductivity  time-dependence  (or  time-spatial  dependence)  a  ( t ,  x )  is  a  fimction  to  be  found. 
Homogeneous  half-soace  whh  unknown  transient  conductivity 

Inside  the  transient  half-space,  there  are  two  spatial-temporal  zones  :  x  >  vt  and  x<vt,  where 
integral  equations  for  die  fields  and  tiie  fields  themselves  are  different.  For  x  >  vt  the  transformed  field 
is  not  influenced  by  the  boundary  and  Ihe  processes  and  formulas  here  are  the  same  as  those  in  the 
unbounded-domain  case.  For  x  <  vt ,  the  boundary  influence  changes  the  transformed  field.  But  instead 
of  this  the  differential  equations  for  o(t)  turned  out  to  be  the  same  as  those  fi)r  the  unbounded-domam 


problem  and  for  x  >  v  t.  Their  solution  is  : 

d 


The  conductivity  time-dependence  in  (3)  is  determined  by  the  initial  and  internal  transformed  fields.  In 
the  most  of  applications  such  as  remote  sensing,  one  usually  knows  not  the  internal  but  only  the  external 
field.  So  we  try  to  obtain  an  expression  for  conductivity  depending  only  on  the  external  and  initial  fields. 
Introduce  a  new  function  F  of  one  variable  as; 

=  fdt'a(t'  v(t-t'))Ej„(t',v(t-t')),  which  determines  the  external  field  in  the  external 

evJ 

region  -  vf  <  X  <  0  by  the  expression  (t,X}  -  B(t,X)  =  F(t  +  X/v),  and  a  new  function 
(^(t,  x)^Ej„(t-X/V,x)- A(t  -  X  /  V,  X  j  for  0  <  X  <  V# ,  satisfying  the  following  equation 


obtained  from  (1): 

<D;,'(tx)  +  ^fl>/(tx)  = 

with  the  boimdary 


47t  d 
sv  dt 

and 


*fdt'a(t',v(t-t'))Ei„(t',v(t-t'))  (4) 

0 

initial  conditions  (D(f,0)  =  Fffy, 


and 


(^{x/v,x)  =  Ein(0,x)-A(0,x)  =  0. 

Knowing  the  external  field  at  any  point,  the  field  in  the  whole  external  region  can  be  determined, 
including  the  region  close  to  the  boundary.  So  it  w'ould  be  enough  to  obtain  the  solution  for  the 
conductivity  determined  by  the  external  field  at  the  points  where  |xl «  vt  .  Under  this 
approximation,  we  can  solve  the  equation  (4),  hence  expressing  the  internal  field  through  the  external 
one,  because  the  integral  at  the  right-hand  part  of  (4)  will  be  equal  to  F(t)  : 

®x'(tx)  +  ^<I>/(tx)«2Frf;> 

After  substitution  of  this  equation  solution  into  (7)  we  obtain  the  conductivity  time-dependence  in  the 
half-space  determined  by  the  scattered  field: 

a(t )  (Eexf* - X / +  ^o( t’Oj)  =  aoA( 0,0) ,  (6) 

where  =0(0)  is  the  known  value  of  initial  conductivity,  and  x  means  an  arbitrary  pomt 

coordinate  (not  only  jxj  «  X f )  inside  the  external  region  -  W  <  X  <  0 . 

The  obtained  expression  (6)  for  the  conductivity  determination  corresponds  to  the  effect  of 
current  freezing-in  at  the  boundary,  by  analogy  with  that  for  plasma.  This  formula  enables  one  to 
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reconstruct  the  conductivity  after  the  scattered  field  only  if  the  initial  conductivity  is  not  zero,  as  one  can 
see  from  (6). 

To  demonstrate  the  obtained  solution  implementation,  we  calculate  the  conductivity  time- 
variation  which  causes  a  transformation  of  initial  field  as  a  rectangular  pulse  into  the  external  field 
taken  as  a  set  of  pulses  (Fig.2(a)). 

I  M  !  I  I  l>)  %  A  ft  fl  A  /i  ft  A 


Eo-n 

(t=0)  0-^ 


0.2  0.4  0.6  0.8 


-X  0 


The  calculated  conductivity,  shown  in  Fig.2(b),  turns  out  to  be  time-harmonic. 

Inhomogeneous  time-varying  conductivity. 

When  the  conductivity  in  the  half-space  x  >  0  depends  not  only  on  time  but  also  on  space  coordinate  x 
,  the  reasoning  analogous  to  the  above  for  a  homogeneous  half-space  leads  to  the  solution  for  the 
conductivity  time-dependence  on  the  boimdary: 

ar t,Q )  (Ee^ (t  +  y./ v-x) -Eo(t  +  x/  v-x)  +  Eq ( tfij)  =  0,0)  (7) 

1)  Assuming  that  the  conductivity  does  not  change  in  the  whole  half-space  simultaneously  but 

its  change  is  propagating  with  a  velocity  vi  ,  that  is  o(t,X )  =  aft  +  X /  ),  v/e  can  reconstruct 

this  dependence  by 

a(t±x/vi)  (E^,x(t±x/vi  +z/v,-z)-Eo(t±x/vi  +z/v,-z)  +  Eo(t±x/Vi,0))  =  a„A(0,0) 

This  formula  corresponds  to  a  wave  of  conductivity  change  as  well  as  to  the  conductive  half-space 
uniform  motion  along  the  x-axis. 

2)  To  reconstruct  not  only  the  conductivity  time-dependence  at  the  boundary  but  also  its  spatial 
distribution,  we  expand  the  right-hand  part  of  (6)  in  terms  of  the  full  Taylor  series: 

Vt,  x)  +  -  o/  (t,  x)  =  F(t)  +  CT(t)Ei„(t,0)x+. .  .[cr(t  -  x  /  v,  x)Ei„(t  -  x  /  v,  x)]^"^  —  +. . .  (8) 

Starting  from  the  boundary  conductivity  time-dependence  determined  by  (7),  we  imbed  by  iterations  into 
the  transient  half-space,  substituting  die  conductivity  spatial-temporal  dependence  determined  at  the 
previous  step  into  (8)  and  finding  then  the  internal  field  and  the  conductivity  for  the  next  x  value.  The 
deeper  we  imbed  in  the  half-space,  the  more  terms  in  (8)  we  need  to  provide  the  required  accuracy. 

Electromagnetic  field  interaction  with  a  transient  conductive  half-space  enables  one  to 
reconstruct  the  conductivity  temporal-spatial  dependence  after  the  scattered  field.  The  obtained  results 
could  be  useful  for  remote  sensing  and  other  diagnostic  problems,  and  for  canying  out  new  field 
transformers  based  on  the  time-varying  material  conductivity. 
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Limb-Viewing  Refraction  Inverse  Problem  in  Duct  Case' 

KP.Gaikovich,  MB.Tchemyaeva 
Radiophysical  Research  Institute,  B. Pecherskaya  st.,  25, 

Nizhny  Novgorod,  Russia,  603600, 

Phone:  8312  367294,  Fax:  8312  369902,E-mail:  gai@nirfi.nnov.su 
Nizhny  Novgorod  State  University,  Gagarina,23 
Nizhny  Novgorod,  Russia,  603600, 

Abstract  -  The  limb-viewing  refraction  inverse  problem  for  removal  of  ^efracbon 
index  with  spherical  symmetry  distribution  in  the  Earth  atmosphere  ^ed^  ^ 
ill-posed  problem,  supposing  that  the  retrieval  height  i 

height  interval  for  ray  perigee  m  which  the  refraction  is  given,  p 
solved  for  the  most  important  case  of  duct  presence. 

Limh-viftwincr  refraction  measurements  have  been  used  for  investigation  of  all  the 
atmnqnhCTes  in  the  Sun  System  [1],  Limb-viewing  measurements  are  the  measurements  of 
refraction  in  dependence  on  the  ray  perigee  height  above  the  planet  surface. 
inverse  problem  consist  of  the  solution  of  the  Abel-type  integ^  equahon  ® 

well-taiOTra  inverse  transformation.  Tbe  refraction  index  height  profile  is  determined  as  th 

™a;"rp^^^  is  considered  supposmg  that  the  retrieval  heigh, 
inteilal  is  ^der  the  height  interval  for  ray  perigee  in  which  the  refi-action  is  ^v»  Such  a 
toutotoleads  to  an  ill-posed  inverse  problem.  There  are  various  possibilities  of  ttas 
oroblem  formulation  The  most  important  case  from  the  practical  pomt  of  view  is  the  c 
fte  XS™  dependence  is  given  ftom  riie  lower  retrieval  level  “P 

height  level,  and  the  refraction  index  heigh,  profile  should 

also  in  the  height  region  above  this  layer.  This  case  is  to  be  considered  here 

atmosphere.  It  is  also  possible  to  solve  fins  problem  when  the  f  “ 

two  or  more  height  imetvals.  In  all  such  cases  the  exact  soWion  of  ***  J 

wlicable,  and  we  tove  the  ill-posed  inverse  problem  for  integral  equation  of  the  1-st  kind. 

For'umb'ode^mramrements  the  refi-action  inverse  problem  can  be  expressed  by  the 
following  integral  equation; 


10-6  J  ^(r. 


l(nrf 


:dr=Z{r,)  ,  rQ<r^<r^ 


where  r  =  /■o+  h,  r^  is  Earth  radius,  N  =  lO^Cw-l)  is  refraction  index,  n  is  refractive  index,  n^  -■ 
«(rh).  In  the  case  of  duct  absence  the  nonlinear  equation  (1)  can  be  expressed  m  a  hnear  orm. 

’  This  work  was  supported  under  grant  of  Education  Ministry  of  Russian  Federation 
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Pmax 

10-6.  J 

Ph 


dN 


(P) 


-2p 


rdp  =  e(Pft)  ,  pQ  ^Pb.  ^PrasoL 


(2) 


p: 


p  =  fjr,  «o  =  n(rQ),  Pq  =  «oro  the  well-posed  case,  when  the  rejS-action  dependence  is  given 
on  the  all  the  retrieval  interval,  this  equation  has  the  known  exact  solution; 

Pmax  Jjj 

N(p)=  f  ^(Pj  r-T=  >  Po^P^Prrm  (3) 

p  t^4pI-p 

Using  the  relationship  h  = - - - the  profile  Nip)  could  be  converted  into 

l  +  10“*iV(/?) 

height  profile  N{h).  There  is  a  finest  point  in  this  inverse  problem,  which  hasn’t  been 
mentioned  before.  It  is  easy  to  see  from  (1),  which  depends  on  derivative  of  refraction  index, 
that  the  solution  is  determined  in  reality  up  to  arbitrary  constant  shift,  ibis  fact  becomes 
important  in  the  case  of  numerical  solution  of  (1).  To  obtain  the  solution  (2),  the  condition 
iVi^max)  ~  is  necessary  to  use  in  addition. 

Let  us  consider  the  equation  ( 1 )  in  the  case  when  its  right  side  is  given  in  the  region  0  < 
h  ^1,  hi  <  hmax-  The  solution  of  the  equation  (1)  for  the  region  hi<h<  /t^ax  is  the  typical 
ill-posed  problem,  the  same  type  as  the  astronomical  refraction  inverse  problem  in  the  case  of 
ground-based  measurements  considered  in  [2].  It  is  easy  to  show  that  this  problem  is  more 
complicated  than  the  solution  of  the  Fredholm  equation  of  the  1-st  kind.  Really,  if  the 
refraction  index  profile  N(p)  is  also  considered  as  knovra  in  the  region  po  ^  it  is 

easy  reduce  the  problem  to  Fredholm  integral  equation  of  the  1-st  kind.  To  retrieve  the 
refraction  index  in  the  region  0  <  ^  ^Wix  refraction  measurements  in  0  <  ^  the 

equation  (1)  is  solved  numerically  on  the  basis  of  Tikhonov’s  general  discrepancy  method  [3], 
which  uses  the  belonging  of  exact  solution  to  the  set  of  square-integrable  fimctions  with 
square-integrable  derivatives.  The  results  of  numerical  simulation  give  us  the  retrieval  accuracy 
at  various  levels  of  the  refraction  error. 

Results  •  •  j 

In  the  Fig.  1  it  is  possible  to  see  an  example  of  real  typical  sonde  refraction  index  profile 

retrieval  by  refraction  measurements  in  the  region  0  <  h  <  5  km  at  the  error  level  6e  —  5  on  the 
basis  of  linear  equation  (2).  The  specific  character  of  the  profile  above  the  upper  level  of 
measurements  (hi  =  5  km )  is  retrieved  with  a  good  quality. 

The  most  interesting  is  the  case,  when  there  is  the  region  of  the  atmosphere  duct  above  the 
upper  level  of  refraction  measurements.  In  this  region  the  refraction  measurements  are  absent 
or  distorted  because  of  strong  diffraction.  Moreover,  the  linear  equation  (1)  is  inapplicable  in 
the  presence  of  duct  region.  So,  it  is  necessary  to  use  in  the  solution  iteration  procedure  for 
nonlinear  equation  (1). 
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An  example  of  the  retrieval  from  nonlinear  equation  (1)  in  the  case  of  duct  stratification  is 
tViA  pifr  9  Thp  finnt  r«»traGtion  index  distribution  if  successfully  retrieved  at  e 
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Regularization  algorithms  for  inverse  problems  in  the  radio  wave  probing  of 

the  ionospheric  plasma 

L.  F.  Chemogor,  K.  P.  Garmash,  V.  T.  Rozumenko 

Department  of  Space  Radio  Physics,  Kharkiv  State  University, 

4  Svobody  Square,  Kharkiv  310077,  Ukraine 

E-mail:  Leonid. F.  Chernogor@univer.kharkov.ua 


Inversion  problems  in  radio  wave  probing  of  the  ionospheric  plasma  amount  to 
solving  integral  equations  the  right-hand  part  of  which  originate  from  measurements. 
Therefore,  the  solutions  to  such  equations  are  unstable  and  require  the  application  of 
regularization  algorithms.  As  an  example,  we  consider  the  partial  reflection  technique. 

The  theory  of  partial  reflection  yields  the  following  relation  between  the  esti¬ 
mated  from  measurements  profile  R(z)  and  the  electron  number  density  profile  N(z)  to 
be  obtained; 


z  1?  (z) 

(K(z',v(z'))N(z')dz'  =  ln-^  (1) 

J  R(z) 

Zo 

where;  K(z')  is  the  kernel  of  the  integral  equation,  i?o(z)  is  the  function  known  from  the 
theory  of  the  partial  reflection  technique,  zo  is  the  altitude  of  the  lower  edge  of  the  iono¬ 
sphere.  „ 

Earlier,  profiles  N(z)  were  derived  by  differentiating  (1)  with  respect  to  z.  the 

quality  of  the  profiles  obtained  depend  on  random  errors  of  estimates  of  R(z),  as  well  as 
on  the  stability  of  an  algorithm  of  numerical  differentiation. 

Since  the  inversion  problem  of  the  partial  reflection  technique  is  ill-posed,  the 
Tikhonov  regularization  algorithm  is  employed  in  this  study.  The  collision  frequency 
profile  is  taken  from  well-known  models. 

The  algorithm  of  regularization  suggest  determining  N(z)  by  minimizing  the  func¬ 


tional: 


(D[N,R,a]  = 


jK(z')N(z')dz'-R(z) 


zq 


+  aqN] 


(2) 


where:  a  is  the  parameter  of  regularization,  Q.  is  the  stabilizer. 

It  has  turned  out  that  the  applying  of  this  regularization  alprithm  allows  to  re¬ 
duce  (3  to  5  times)  the  effects  of  measurement  errors  on  the  restoration  of  iV(z)  from  R(z) 
and  extend  the  altitude  range  by  approximately  10  km.  It  should  be  added  that  the  opti¬ 
mization  of  estimating  R{z)  is  achieved  at  the  values  of  smoothing  intervals  AT  of  the  or¬ 
der  of  5  to  10  min. 

Errors  in  the  derived  A(z)  profiles  decrease  from  50%  to  30%  when  the  integra¬ 
tion  time  increases  from  5  to  10  min,  respectively.  We  have  managed  to  obtain  N  profile 
in  a  z~75  to  85  km  altitude  range;  at  greater  and  lower  altitudes  the  signal-to-noise  ratios 
are  too  small. 

The  results  of  modeling  efforts  are  illustrated  in  Figures  1  and  2. 

The  authors  have  been  supported  by  Science  and  Technology  Center  in  Ukraine 

Grant  No.  471. 
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Figure  1.  Sequence  of  20  profiles  N{z)  obtained  in  the  vicinity  of  Nizhni  Novgorod  consecutively  at  10:00  through  13:20  LT  on 
March  2,  1991,  in  the  2.5  km  height  step  and  averaged  over  10  min  intervals:  a  -  algorithm  of  numerical  differentiation:  b  and  c  - 
regularization  algorithm  with  different  initial  approximations. 
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a)  b) 

Figure  2.  Dependences  of  errors  and  quality  of  the  solution  on  the  interval  of  averaging 
for  different  algorithms  employed:  a  -  relative  root-mean  square  deviations  in  profiles 
N{z)\  b  -  mean  percentage  of  positive  values  of  N  in  the  profiles:  1,2-  algorithm  of  nu¬ 
merical  differentiation;  3,  4,  5  and  6  -  regularization  algorithm  with  different  initial  ap¬ 
proximations;  the  light  marks  are  for  the  1.25  km  height  step,  the  dark  marks  and  7  are 
for  the  2.5  km  height  step. 
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NUMERICAL  TECHNIQUE  FOR  INVERSE  PROBLEMS  OF 
GEOMETRICAL  OPTICS  OF  INHOMOGENEOUS  MEDIA 


V.  A.  Kaloshin,  A.  S.Venetsky 


Institute  of  Radioengineering  and  Electronics,  Russian  Academy  of  Sciences 
Moscow,  Mohovaya  11,  103907,  Russia 
E-mail:  vak@mail.cplire.ru 


Abstract 

The  synthesis  of  inhomogeneous  lenses,  the  problems  of  phase  tomography  of  one¬ 
dimensional  gradient  media  in  geometrical  optics  approximation,  etc.,  can  be  reduced  to 
nonlinear  integral  equations  relatively  to  an  unknown  function  of  the  index  of  refraction 
[1].  These  equations  have  closed-form  solutions  in  a  small  number  of  particular  cases,  m 
this  work,  a  new  technique  to  solve  these  problems  is  proposed.  According  to  this 
technique  ’ we  analyze  a  layered  medium  instead  of  inhomogeneous  one.  As  a  result,  we 
have  a  ste^ed-law  function  of  the  index  of  refraction  variation.  It  is  possible  to  decrease  a 
difference  between  the  stepped  and  the  continuous-law  functions  by  increasing  the  number 
of  layers.  Three  modifications  of  this  technique;  ray,  phase  and  combined,  are  used  to 
investigate  inhomogeneous  media  where  index  of  refraction  is  a  function  of  a  Cartesian 
coordinate  or  radius.  Two  latter  of  them  provide  a  desired  accuracy. 

1.  In  the  first  case  we  analyze  a  medium  with  spherical  symmetry.  We  suppose  that  it 
consists  of  m  spherically  uniform  layers  (Fig.  1).  We  know  the  phase  front  of  the  source  of 
radiation  (spherical  one)  and  the  phase  front  of  the  scattered  field.  Our  problem  is  to 
determine  the  indices  of  refraction  of  the  layers,  m 


Fig.  1. 
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At  the  first  step,  we  suppose  that  the  indices  of  refraction  and  the  widths  of  the  1, 2, i  - 
1-5/  layers  are  known  already.  We  shall  trace  the  path  of  ray  which  conies  out  of  the 
source  at  the  angle  0i  =  0a-iA0 ,  where  0a  =arcsin  (Ri/F),  A0  =  0a /m,  Ri  is  the  radius  of 
the  medium,  F  is  the  distance  from  the  center  of  the  medium  to  the  source  (Fig.l).  After 
passing  through  the  i-1  layers  the  ray  gets  to  the  i-th  layer.  We  suppose  that  the  ray 
touches  the  inner  boundary  of  that  layer,  R  =  R  i+i  ,  at  the  point  Mi  ,  slides  along  the 
boundary,  and  takes  off  it  at  the  point  Ni .  The  ray  path  in  this  case  consists  of  three  parts: 
two  lines  A,  Mi ,  Ni  Bi  and  the  arc  Mi  H.  The  phase  of  the  ray  at  the  point  Bi  is: 

0(F,Bi)  =  I  FAil  +^(Ai,A  )+4>(Bi,Bi)+  I A  Mi  I  ni  +  2|  OA 1  sintti  m  \i/i  + 1  Ni  Bi  I  ni 
where  <I>(Ai,A)  =  ®(Bi,Bi)  are  the  optical  distances. 

From  the  law  of  refraction: 

ni  sintti  =  ni-i  sin  ai-i  =  q , 
and  geometrical  relations  we  can  get  the  equation: 

(1)  I  FAil  +2d)(Ai,Ai)+2Ri  q  (ctgai+  \|/i )  =  €>(F,Bi) , 

where  ai  =  l/20i-l/2yi+(pi+vi/i,  and  y  i  can  be  found  from  the  equation: 

FsinGi  =  Fi  sinyi 

On  determining  \\fi  from  equation  (1)  by  some  numerical  technique  we  obtain: 

Hi  =  q/sin  a  i ,  R  i+i  =  Ri  sinai 

The  same  procedure  can  be  used  to  determine  ni  ,  if  the  index  of  refraction  in  the  outer 
space,  tio ,  is  known.  Applying  this  procedure  to  find  n-,,  n2,  ns, ... ,  we  obtain,  as  a  result,  a 
quasi-continuous  law  of  the  index  of  refraction  variation  relatively  to  tio  . 

2.  Instead  of  a  medium  with  the  index  of  refraction  being  a  function  of  some  Cartesian 
coordinate,  for  example,  n  =  n(y),  we  shall  analyze  now  a  layered  medium  (Fig.  2). 


Fig.  2. 


We  suppose  that  n(y)  has  an  extremum  and  the  indices  of  refraction  and  the  widths  of  the 
i-1  layers  are  known,  nj  being  the  value  of  extremum.  Tracing  the  ray  which  comes  out  of 
the  source  at  the  angle  0i  =  iA0,  we  can  find  the  phase  at  the  output  point  (yi+i^i'^h; ). 
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hj  (1-A) 

(2)  = 

Here  hi  is  the  width  of  the  j-th  layer,  nj  is  the  index  of  reftaotion,  0,  U  the  angle  betwren 
the  ray  in  the  j-th  layer  and  the  X-axis,  yi  and  U  are  the  coordinates  of  the  entrance  point 
of  ray  into  the  layer  number  i.  We  suppose  that  hj  ,nj ,  0j  and  yj  are  known  if  j  <  i.  Taking 
into  account  the  law  of  refraction 

(3)  rii  cos  0i  =  ni-icos0i-i  =...=  nicos0i  =  q , 

and  the  geometrical  relations; 


we  obtain  that 
(4)  A  +  (1  -  Li)/cos^0i  =  0(yi  +hi ), 

where  ^  = 

Equation  (4),  relatively  to  0i,  can  be  solved  by  any  numerical  technique.  Using  a  linear 

approximation  of  the  phase  front; 

<I)(yi  +hi)  =  €>(y.)+ki(l-Li)tg0i , 
we  can  obtain  the  closed-form  solution; 


hi  =  (l-Li)tg0i 


where 


~  +  C)) 

■  2p 

p  =  (l-Li)q, 

C=  A-d)(yi ) , 

R  =  kia-Li), 


After  that  we  have; 

Hi  =  q/cos0i 
hi  =  (l-Li)tg0i 

So,  the  parameters  of  the  layer  number  i  have  been  found.  However  we  have  to  know  the 
index  of  refraction  of  the  first  layer,  ni,  to  start  the  iterations.  Applying  this  procedure  to 
finding  n2,  ns, ... ,  we  obtain  eventually  a  quasi-continuous  law  of  the  index  of  refraction 
variation  relatively  to  ni. 
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The  theorems,  that  ground  the  statements  and  numerical  methods  for 
solutions  of  the  synthesis  problem  of  the  plane  aperture  shape  and  amplitude- 
phase  distribution  of  the  field  in  the  aperture  for  a  given  power  pattern  are 
presented.  It  is  known  [1],  that  the  vector  directivity  pattern  f{Q)  of  the  plane 
aperture  D,  which  is  outlined  by  a  continuous  function  p(v}/),  \\i  €[0;27i:)  is  given 

as  f=^fJx+fyiy  =  MpJxK+ApJyVy’  ^here  {l^{P),Iy{P)f  eL\D)xL\D)  are 

the  components  of  distribution  of  electromagnetic  field  in  the  aperture, 

2%  p(M') 

y4(p,/^)=J  \ly{r,\\i)exp[-ik{Q,P)]iP,  v=x,y.  (1) 

0  0 

The  inverse  problem  -  the  problem  of  synthesis  -  consists  in  approximation  of 
components  of  the  given  real  vector  function,  i.e.  a  power  pattern 

F  =  (F^,FyY  el}  [r^)xI}(r^),  by  the  magnitude  of  the  synthesis  directivity 

pattern.  The  variational  statement  of  the  problem  considers: 

where  the  last  addition  provides  the  minimum  of  the  area  of  the  aperture. 
Iteration  process  of  numerical  minimization  of  the  functional  (2)  is  based  on  the 

method,  which  is  analogous  to  the  coordinate  descent  method.  Let  (/°,/°,p°)  be  a 
point  of  initial  approximation,  which  is  located  in  a  certain  area  of  the  minimum 
point  [ll,I*y,p).  We’ll  find  a  function  po(v|/),  which  describes  the  outline  of  initial 

aperture  D^.  Let’s  consider  the  narrowing  of  functional  (2): 

5(4,/,)  =  cr(4,/,„p“).  (3) 

Theorem  1.  Let  F^,  Fy  he  the  positive  functions,  that  are  continuous  on  the  limited 
area  Q  and  are  equal  to  zero  outside  it.  Then  the  functional  (3)  arrives  at  the 
minimum  value  on  a  certain  element  of  =  l}{D)x  l}  {D). 

The  necessary  condition  of  the  functional  minimum  leads  to  the  Euler 
equation  with  regard  to  both  functions  and  ly". 


1,{P) 


JJ^v(0)exp[/arg/^(0]exp[-;l(e,P)]t;?0, 


v  =  x,y.  (4) 


The  unknown  functions  4  and  ly  enter  the  right  part  of  the  equation  (4) 

through  the  definitions  of  functions  4  =  ^(p>4)-  After  substitution  (4)  to  (1)  and 
non-complicated  transformations  the  equations  concerning  the  synthesized 
directivity  pattern  are  obtained: 
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/v(<2)  =  -S(/v(0))  =  [^]  llFs>iQ')K{Q,Q\k)exv[imMQ')W’ 

where  K{Q,Q',k)  is  a  kernel.  It  should  be  noticed,  that  equations  (5)  are 

'"""^^^^The^folutions  of  equations  (5)  has  been  found  on  the  basis  of  successive 
approximations  method: 

/M(g)  =  B(/W(e))  v  =  x,y.  «  =  0,1,2,..  .  (6) 

Theorem  2.  The  numerical  sequence  of  the  values  of  the  functional  (3)  is 
convergent  on  the  steps  of  the  iterative  process  (6). 

Now  we'll  fix  the  functions  ll  and  /),  which  are  obtained  after  substitution 
of  solutions  of  equation  (5)  into  the  formula  (4).  Let’s  consider  the  narrowing  of 
functional  (2); 

Theorem  3.  Let  F^,Fy  he  the  positive  functions,  which  are  continuous  on  the 
limited  area  Q  and  are  equal  to  zero  outside  it.  Then  the  functional  (7)  arrives 

at  the  minimum  value  on  a  certain  element  of  L"[0;2t:)  when  y  >0. 

The  necessary  conditions  of  the  functional  minimum  leads  to  the  nonlinear 

integral  equation:  ^ 

G(p).  2MpW.vK)f-Y(^)  =0.  (8) 

Equation  (8)  has  a  simple  geometrical  interpretation.  The  solution  of  this  equation 
is  the  nroection  of  the  level  lines  y{^^  of  the  function  2kv(p(M^)’M^)| 


is  the  proection  of  the  level  lines  J  of  the  function  -oo 

The  solution  of  the  equation  (8)  has  been  found  on  the  basis  of  Newton- 

Kantorovich  method:  ,  x  /  n  /■qi 

G’(pPAPi=-G(p,).  (9) 

=  A:  =  0,1, 2, 3, . 

where  G'  is  the  Freshet  derivative  of  G  operator.  The  theorem  of  convergence  of 
iterative  process  (9)  in  the  sense  of  convergence  of  numerical  sequence  of 
functional  (7)  values  on  the  steps  of  proposed  iterative  processes  are  proved 

If  we’ll  continue  the  successive  minimization  of  the  functional  (2)  with 

regard  to  (l,,Iy)  and  p  when  the  solutions  of  the  previous  iterative  processes 

are  fixed,  we’ll  arrive  at  the  minimum  point  {l,^,Iy,p  )• 

The  numerical  examples  of  synthesis  of  contour  directivity  pattern  of 
complicated  forms  are  presented.  The  given  power  pattern  is  shown  in  1  and 
Fig  2  by  solid  line.  The  level  of  the  necessary  radiation  is  equal  to  1  mside  this 
coitour  and  it’s  equal  to  0  outside  it.  The  synthesized  amplitude  directivity 
pattern  of  the  fixed  circle  non-optimal  aperture  is  shown  in  Fig.  1.  Synthesize 
amplitude  directivity  pattern  after  optimization  of  the  shape  of  the  aperture  s 
preLnted  in  Fig.  2.  It  should  be  noticed  that  the  square  of  the  optimal 
(fTs.  3,  regular  line)  is  equal  to  square  of  the  circle  aperture  (^ig-  3,  solid  line). 
Amplitude  of  the  field  distribution  on  the  optimal  aperture  is  presented  in  Fig.  4. 

^  Finally  we  shall  notice,  that  the  given  approach  can  be  used  for  grounding 
the  convergence  and  for  building  the  iterative  methods  for  solution  of  a  system 
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of  potential  integral  equations  with  the  unknown  function  pn  the  limit  of 
integration. 


Fig.  3 


Fig.  4 
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An  inverse  scattering  formulation  is  developed  for  large  size  -  low  contrast  dielectric  objects,  based  on 
Rytov  approximation  and  optimization  techniques  for  three  dimensional  (3D)  scalar  waves,  providing 
an  efBcient  solution  to  the  diffraction  tomography  problem  associated  with  the  imaging  of  soft  tissues 
in  biomedical  engineering  applications.  The  developed  algorithm  is  based  on  the  following 
assumptions: 

a)  The  unknown  object  function  o(^)  =  - 1 ,  where  «(r)  is  the  diffraction  index  of  the  object 

to  be  imaged,  is  described  in  terms  of  superposition  of  Gaussian  pulses  placed  on  a  rectangular  grid 
array  with  unknown  wei^ting  coefficients  a;  to  be  determined  as  follows: 

o{rJ}  =  Yj  ®xp(-p^  In  -  )  (1) 

where  p  is  a  constant,  depending  on  the  grid  cell  size. 

b)  A  Rytov  type  approximation  to  describe  the  field  'F(r)  inside  the  scatterer  is  adopted,  leading 


into  an  analytic  expression. 


'I't)  =  ^o(n)exp 


(2) 


where  '{'((r)  is  the  incident  wave  exciting  the  scatterer,  the  free  space  Green’s  function  and 

ko  the  propagation  constant  of  the  infinite  medium  surrounding  the  scatterer  to  be  imaged.  The 
integral  in  eq.  (2)  is  computed  over  the  scatterer  volume. 

Following  the  above  assumptions,  the  scattering  amplitude  F(s)  measured  along  the  s  unit  vector 
direction,  for  an  incident  plane  wave  impinging  from  the  direction  is  computed  using  the  well 


known  relation. 


F(s)  =  C,j  o(r:mr:)d^  (3) 

Vs 

where  C„  is  a  constant.  On  substituting  eq.  (1),  (2)  into  (3),  after  a  series  of  analytical  manipulations, 
the  F(s)  scattering  amplitude  is  described  in  terms  of  the  unknown  coefficients  a,  (see  eq.  (1))  in  the 
following  form, 

N 

F(5)  =  S 

T«1 

where  <h  is  a  non  -  linear  function  of  the  Ui  coefficients. 

In  order  to  determine  the  Oj  coefficients,  an  experimental  system  has  been  set  up.  The  object  to  be 
is  immersed  in  a  water  tank  and  is  interrogated  by  an  appropriate  transmitter  with  a  series  of 
incident  waves  from  various  directions.  The  scattering  amplitude  is  measured  at  different  positions  of 
a  receiver  and  at  every  view  of  the  object.  The  receiver  is  scanned  by  stepping  motors,  controled  by  a 
PC.  The  components  of  the  complex  wave  field  are  detected,  amplified,  filtered  and  stored  in  the  same 
PC.  The  unknown  object  function  of  eq.(l)  is  determined  by  solving  the  non-linear  optimization 
problem, 

min||F(j)-F„<,^,^l| 

fox  S  =  Si,S^,....Sk 
and  Sq  =  ■s'oi  ,*02 » •  •  •  ■ 

In  equation  (5),  F„„,„,,^,F(*)  denote  the  experimental  and  the  estimated,  as  given  by  equation  (4), 
values  of  the  scattering  amplitude,  respectively. 
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ABSTRACT 

'^^^^^Stsphicai  methods  of  image  reconstruction  of  two-dimensional  cross-sections  of  volumetric  objects 
in  millimeter  wavelengths  band  are  suggested  and  considered.  Experimental  images  obtained  using  antennas  of 
dielectric  type  and  radiation  frequency  /a:136GHz  are  represented.  Volumetric  dielectric  objects  have  been  taken 
as  objects  under  investigation. 

It  is  shown  that  in  the  frequency  band  under  consideration,  the  images  of  investigated  objects  with 
charactenstic  dimension  A«7X-i-15X  may  be  obtained  by  first-order  diffraction  tomography  method  (Born,  Rytov 
or  high  frequency  approximation  of  the  first-order  for  scattered  electromagnetic  field). 

1.  INTRODUCTION 

There  is  a  large  number  of  publications  on  applied  and  theoretical  tomography.  In  the  case  of  UHF 
radiowaves,  for  instance,  microwaves,  important  problems  of  nondestructive  testing  of  materials  and  industrial 
products  ,  surface  and  subsurface  sensing,  receiving  of  microwave  images  of  inhomogeneous  bodies  in  medicine 
and  others  may  be  solved. 

To  receive  quasioptic  tomographic  image  in  the  case  of  diffraction  (scattering  of  electromagnetic  wave 
by  a  sample),  methods  of  diffraction  tomography  may  be  used.  If  the  object  weakly  scatters  the  electromagnetic 
wave  and  the  scattered  field  is  described  by  Bom  or  Rytov  approximations  of  the  first  order  [1,2],  Fourier 
diffraction  project  theorem  is  employed. 

In  the  present  paper  methods  of  the  first-order  diffraction  tomography  are  considered. 

2.  OBTAINING  IMAGES  BY  FIRST-ORDER  DIFFRACTION  TOMOGRAPHY 

The  basic  equation  of  the  diffraction  tomography  may  be  obtained  as  a  result  of  solution  of  an  inverse 
problem  of  scattering  of  a  plane  electromagnetic  wave  on  the  object  under  investigation  [1,2].  We  consider  a 

scattering  object  characterizing  by  refractive  index  n{f)  =  1  +  /  (f )  ,  where  /  is  equal  to  zero  outside  the 

refracting  object.  A  plane  harmonic  exp(-/<at)  wave  Uj{r)  =  exp[/l(0  •  r )]  incidents  on  the  object;  ^  is  a 

unit  vector  pointing  the  direction  of  the  wave  propagation;  k=  co/c,  co  is  radiation  frequency;  c  is  light  velocity.  In 
the  case  of  direct  scattering,  the  total  field  U=U,  +t/s  (where  Us{f)  is  a  scattered  wave  )  satisfies  the  given  wave 
equation 

2  2 

Aw  +  (1  +  /)  =  0  (1) 

and  the  boundary  condition  in  infinity.  The  scattered  field  U ^  may  be  found  using  equation  (1)  in  the  first-order 
Bom  approximation.  Equation  (1)  may  be  also  solved  in  the  framework  of  Rytov  approximation  of  the  first 
order.  In  inverse  scattering  problem,  function  /  should  be  find  with  known  scattered  field  Ug .  Solution  of  such 
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problem  allows  us  to  obtain  the  main  equation  of  diffraction  tomography  [1],  After  that  we  may  find  functions 

fir)  ■ 

Let  the  incident  wave  propagate  along  a  positive  direction  of  tj  axis  of  the  rectangular  Cartesian 
coordinate  system  0  where  measurements  of  phase  and  amplitude  of  electromagnetic  fields  UyU j  and 
straight  line  tj  =  const  >  OB  are  carried  out.  Let  the  center  of  another  rectangular  Cartesian  coordinate  system 
X,  y  connected  with  the  investigated  object  coached  with  the  center  of  ij  coordinate  system  and  with  the 
center  of  circle  O  with  radius  OB  .  The  investigated  object  is  characterized  by  function  / (r )  which  is  different 
from  zero  in  a  certain  region  inside  circle  O.  Then  by  rotating  the  rj  coordinate  system  relatively  x,y 

coordinate  system  and  using  measured  data  o^UandUj,  Fourier  image  of  function  in  frequency  domain  in  circle 

with  radius  not  less  than  k  may  be  found.  Analogous  result  may  be  obtained,  if  system  of  data  collection  remains 
immovable  and  the  object  under  investigation  is  rotating  relatively  the  center  0  (Fig.l)  and,  hence,  x,y 

coordinate  system  rotates  relatively  rj  coordinate  system. 


Fig.l.  Finding  of  Fourier  image  of  the  object  fimction. 

From  Fig.l  one  can  see  that,  by  changing  the  angled,  it  is  possible  to  find  positions  when  each  of  the 
pointed  points  will  be  located  on  circle  L  at  values  >0  of  vector  projection  on  axis  K^.  If  we  will  know  the 

values  ofATf  and  angled  we  will  able  to  calculate  Fourier  image  of  the  object. 

3.  EXPERIMENTAL  SET-UP  AND  RECONSTRUCTION 

Millimeter  wave  tomography  set  up  ^  *  allowing  to  measure  phase  and  amplitude  of  U  and  U  j  fields  at 
straight  line  t]  =  const  in  t]  coordinate  system  is  shown  in  Fig  .2.  Signal  from  oscillator  1  with  operating 
frequency  136  GHz  is  divided  by  directional  branch  into  two  signals.  One  of  these  signals  in  given  to  up-convertor 
2,  and  the  other-to  down-convertor  8.  Signal  from  reference  generator  10  with  frequency  160  Hz  is  also  supplied 
to  up-convertor  2.  As  a  result  a  signal  radiated  by  antenna  3  which  is  represented  by  an  end  of  a  dielectric 
waveguide  (electric  vector  E  of  the  wave  is  directed  along  straight  line  6  )  is  shifted  up  by  frequency  at  160Hz 
relatively  to  operating  frequency  of  oscillator  1.  Sample  5  may  be  rotated  round  its  axis  and  move  along  straight 
line  6  (step  motors  are  used  to  move  and  rotate).  The  signal  received  by  antenna  7  in  the  absence  of  the  sample  is 
given  to  down-convertor  8. 


Fig.2.  Scheme  of  tomograph  with  dielectric  antennas. 
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The  signal  from  the  operating  oscillator  1  is  given  to  the  same  down-convertor,  with  the  result  that  signal 
at  the  output  of  device  8  is  shifted  “down”  and  its  frequency  160  Hz.  This  signal  is  fed  then  to  vector  voltmeter  9. 
A  signal  from  generator  10  of  frequency  160  Hz  is  supplied  to  the  same  voltmeter.  Amplitude  A  and  phase  ^ 
measured  by  vector  voltmeter  9  are  taken  to  the  equal  to  amplitude  and  phase  of  the  incident  field  U  j  at  straight 

line  6.  Analogue  signals  corresponding  to  the  measured  amplitude  and  phase  of  the  field  Uj  are  given  then  to 

system  1 1  of  processing  and  obtaining  of  image  which  is  also  manage  the  stepping  motors. 

In  this  case  when  an  object  weakly  scatters  an  incident  wave  and  Rytov  or  Bom  approximations  for 
scattering  field,  the  measured  signal  will  correspond  to  the  total  field  U  received  by  antenna  7  in  line  6.  As  this 

takes  place,  U  j  measured  in  the  straight  line  6  is  substituted  into  formula  for  the  diffraction  tomography 

equation  instead  of  plane  wave  field  in  the  straight  line  t]  ~  const  at  0<6<27t\  ts6  ^  n  t  (>  .All 

measurements  were  carried  out  at  t;  =  7  ^  9^  . 

Fig.  3-4  shown  images  of  \Q{r)\  cross  sections  of  the  objects  under  experimental  investigations: 
Fig. 3-  cylinders  with  approximately  circle  cross-section  manufactured  from  a  paper  and  having  the  following 
dimensions:  height  h  =  201  (  A  =  2  mm  );  diameter  D  =  12.51 .  The  thickness  of  the  wall  is  /  =  0.051 .  Fig.4 
shows  the  same  cylinder  but  it  has  two  slots  ( 12  and  7  mm )  in  the  wall 


^0  -20  0  20  40 

X,MM 

Fig.  3.  Fig.  4. 

Fig.  3-4.  Images  of  cross  sections  of  the  objects  under  experimental  investigations. 

5.  CONCLUSION 

Thus,  an  image  is  a  reconstructed  distribution  function  in  the  region  of  investigated  cross-  section  of 
the  object  of  one  of  its  electrodynamical  parameters.  The  images  are  obtained  using  methods  of  first-  order 
diffraction  tomography  for  weakly  scattering  objects  having  a  simple  structure.  Reconstruction  of  images  has 
shown  that  at  millimeter  waves  the  high  frequency  approximation  in  the  basic  equation  of  diffraction  tomography 
may  be  assumed. 

The  investigations  carried  out  have  showed  that  there  are  diflSculties  when  reconstructing  the  object 
images  with  complicated  structure  (  several  short-  range  located  inhomogeneities  in  the  object).  In  this  case, 
there  may  be  observed  a  multi-  scattering  and  the  methods  of  first-  order  diffraction  tomography  do  not  allow  to 
reconstruct  the  fimction  to  be  found  sufficiently  accurately. 
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SOLUTION  OF  INVERSE  PROBLEM  FOR  A  CHARGE  COMBINED 

WITH  A  POINT-LIKE  DIPOLE 

V.  Ya.  Epp  and  T.  G.  Mitrofanova 

Tomsk  Pedagogical  University,  Tomsk,  Russia;  e-mail:  epp@tspi.tomsk.su 

The  inverse  problems  in  electrodynamics  are  not  suflciently  advanced  from  our  point  of 
view  though  they  are  of  certain  theoretical  interest  and  practical  implementation.  Inverse 
problem  of  rachation  of  a  relativistic  charged  particle  has  been  solved  m  1-3].  Here  we  propose 

a  particular  inverse  problem  of  electrostatics.  ^  ^  j 

It  is  well  known  that  the  field  induced  by  electric  charge  arbitrary  distributed  within  a 

finite  area  is  in  the  far-field  approximation  equal  to  the  field  of  a  pomt-like  charge  ^d  ^pole 
momentum.  Calculation  of  the  field  produced  by  a  given  charge  or  dipole  momentum  is  referred 
to  as  a  direct  problem.  The  inverse  problem  solved  in  this  paper  is  as  follows.  Suppose  we 
know  that  some  electric  field  is  generated  by  a  distant  point-like  charge  combined  with  an 
electric  dipole  momentum.  The  problem  is  to  restore  the  position  and  the  value  of  charge  and 
dipole  momentum.  It  is  evident  that  the  knowledge  of  three  components  of  the  electric  held 
E  is  not  enough  to  find  seven  unknown  quantities:  position  of  the  charge  and  momentum  r , 
vector  of  dipole  moment^  d  and  the  value  of  the  charge  e.  Thus,  we  assume  that  wetaow 
the  electric  field  vector  .B  and  a  three-dimensional  tensor  of  &st  derivatives  Eij  =  dEifdxj.  It 
follows  from  the  MaxweU  equations  that  rotF  =  0  and  divF  =  0,  which  yields  Eij  =  Eji  and 
En  +  E22  +  F33  =  0,  respectively.  Hence,  only  five  independent  components  of  Eij  remain. 
Besides,  the  considered  field  is  axially  symmetric.  In  cylindrical  coordinate  ^stem  p,  z  we 
have  three  additional  conditions:  E^  =  0,  dEp/d<^  =  dE,/d<l>  =  0  leaving  five  independent 
unknown  quantities:  two  components  of  E  and  three  components  of  Eij. 

Let  the  origin  of  a  Cartesian  coordinate  system  a/ ,  1/ ,  2'  be  at  the  point  where  the  vector 
E  =  {E'x,  E'y,  E' )  and  tensor  E^ij  are  known.  It  is  convenient  to  use  a  special  coordinate  system 

X  y  z  which  we  define  as  follows:  the  axis  x  is  directed  along  the  vector  JS,  the  axis  y  along 
the  principal  normal  and  the  axis  ^  along  the  binormal  to  the  field  line.  The  principal  normal 
n  is  given  by  the  equation  [4]:  ^ 

kE  ds' 

where  F  =  |F|,  fc  is  the  principal  curvature  of  the  field  line,  and^s  is  the  coordinate  along  the 
line.  After  simple  algebra  we  derive  the  normal  n  and  binormal  b: 

«=^IBx|DxB]1,  6=^1BxBJ,  (1) 

where  D  =  {M)E,  I^i  =  and  =  [E  x  Df/E^.  Now  we  transform  the  vector 

E  =  {K^  Ely,  and  tensor  EE  into  the  new  coordinate  system  in  a  standard  way 

Ei  =  OiikEjfi,  Eij  =  Oiik^jsE^ks^ 
where  the  transformation  matrix  Oik  can  be  found  from  (1): 


aifc  =  hk, 


rEkEj{EjEik  -  EiEkj), 


CXzk  —  ~j^^^klmElDmi 


6ik  is  the  Kronecker  s^mabol.  The  result  looks  like  follows 


F  =  (E,0,0),  Ei^ 


En  Ei2  0 
E21  E22 
OOF: 
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In  particular,  £'12  =  k  =  E 

We  consider  only  those  points  of  the  field  where  k^O.  Now  let  us  proceed  to  the  solution 
of  the  problem.  The  field  of  a  charge  and  dipole  momentum  is  (see  [5]): 

^  eR  Z{M)R-R^d  .. 

with  R  being  the  vector  from  the  charge  to  the  point  where  the  field  is  determined.  Taking  the 
derivatives  we  obtain 


_  ozz/i  _  ^  o 

^ii  —  —  Hi  i-i9  T"  « 


e  „Rd 


djR-i  d^Rj 


ZRiRj 


R^^^RJ  ■ 


In  the  coordinate  system  x,y,z  we  replace  R  =  — r  =  —{x,y,0)  and  d  —  {dx,dy,0).  Then  (1), 
(2)  take  the  form 


„  ex  Z(fd)x  —  r^dx 
E  =  — ~+  ■  ^ - 


ey  Z{rS)y  -  r^dy 

^  -  o  *1“  tt  5 


3M-6^-3x^ 


Ei2  =  —3 


dxy  “b  dyX 


-Zxy 


-^33  —  ^3 


We  have  got  five  equations  for  five  unknown  quantities:  y,  dy,  e.  First  we  use  (7)  and  the 
last  of  (9)  to  find  the  value  of  the  charge  and  dipole  momentum 

dx  = -r^{E  +  Ekzx),  dLy  =  -r%E^z,  e= -2r^Ez&-ZxrE.  (10) 

Substituting  this  into  (8)  and  the  first  of  (9),  we  obtain 

x‘^{2Ezi  +  £ii)  +  y^{Ezz  —  £ii)  +  “^yxEi^  =  0, 

—xy(E33  +  2£ii)  —  y^Ei2  +  x^Ei2  +  ZyE  =  0.  (11) 


This  set  of  quadratic  equations  has  the  following  solution; 


4E!,  +  Fi 


^12  (^^1  —  E2) 


ZE 

4£22 +  F| 


2£i2  i 


2£?2-^1^3 


where  Fi  =  E22  -  £33,  F2  =  £33  -  En,  £3  =  £11  -  £22,  S  =  yE^2'^  F\F2-  Substitution 
of  (12)  into  (10)  yields  the  value  of  the  charge  and  dipole  momentum.  We  see  that  (7)  -  (9) 
have  two  different  solutions.  It  means  that  the  same  field  with  its  derivatives  can  be  created 
by  two  different  sources.  Now  the  solution  of  the  problem  can  be  easily  transformed  back  into 
the  original  coordinate  ^stem  by  means  of  the  inverse  to  (2)  transformations. 
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FOR  PERIODIC  STRIPS  ON  CYLINDRICAL  SUBSTRATES 
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Faculty  of  Electrical  Engineering  and  Computing 
University  of  Zagreb 
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Abstract 

The  strip  gratings  on  dielectric  cylinders  are  analyzed  by  using  two  types  of  approximate  boundary 
conditions  and  by  the  moment  method  (MoM).  The  used  approximate  boundary  conditions  are  the 
boundary  conditions  obtained  by  the  homogenization  method  (BCHM),  where  the  local  planar 
approximation  was  applied,  and  the  asymptotic  strip  boundary  conditions  (ASBC).  The  results 
show  that  the  both  approximate  boundary  conditions  give  good  results  when  the  period  of  the  strips 
is  small  compared  to  the  wavelength.  However,  BCHM  ^ves  more  accurate  results,  and  practically 
there  is  no  difference  between  the  MoM  results  and  the  results  obtained  by  BCHM  method  if  the 
periodicity  is  small  enough.  Furthermore,  the  ASBC  cannot  predict  the  coupling  of  the  incident 
wave  to  the  waveguide  modes  of  the  strip-loaded  dielectric  cylinder,  which  is  predicted  both  by  the 
MoM  and  the  BCHM  methods.  The  numerical  results  are  also  compared  to  measurements  showing 
a  very  good  agreement. 


Introduction:  Strip  gratings  are  well  known  for  their  polarization  properties.  Incident  waves  with  the 
electric  field  parallel  to  the  strips  are  mainly  reflected,  and  waves  with  the  electric  field  orthogonal  to 
the  strips  mahily  pass  through  Ae  grating.  In  the  present  paper  we  analyze  strip  gratings  located  on  the 
dielectric  cylinder  (Fig.  1).  The  analysis  can  be  easily  extended  for  strips  located  between  any  two 
layers  inside  cylindrical  multilayer  structures. 


Analysis:  We  have  performed  accurate  analysis  of  periodic  strips  inside  a  multilayer  structure  by 
expanding  the  currents  on  the  strips  in  basis  fimctions,  and  the  amplitudes  of  the  basis  fimctions  are 
determined  numerically  by  the  moment  method  (MoM)  [IJ.The  electromagnetic  field  is  in  the  form  of 
Floquet  modes  due  to  the  periodicity  of  the  structure.  It  is  sufficient  to  determine  the  current  on  one 
strip,  since  the  currents  on  the  other  strips  are  identical  except  for  a  phase  difference. 


If  the  source  excites  a  full  spectrum  of  plane  or  cylindrical  waves,  such  as  a  dipole,  the  Floquet-mode 
expansion/MoM  is  a  laborious  process.  A  simpler  approach  is  to  use  approximate  boundary 
conditions.  We  have  used  two  types  of  approximate  boundary  conditions;  the  asymptotic  strip 
boundary  conditions  (ASBC)  [2],  [3]  which  in  the  planar  case  correspond  to  modeling  the  strips  as  a 
unidirectional  conducting  screen  [4],  and  boundary  conditions  obtained  by  the  homogenization  method 
(BCHM),  i.e.  by  averaging  the  fields  of  the  fundamental  Floquet  mode  [5]. 


In  the  BCHM  case  we  have  used  a  local  planar  approximation,  that  means  we  suppose  that  the  surface 
where  the  strips  are  located  is  locally  a  plane  surface.  By  this  we  can  easily  transform  the  boundary 
conditions  firom  the  rectangular  coordinate  system  [5]  to  the  cylindrical  one.  For  example,  for  q>- 
directed  strips  we  have 


e:=e:,  e:  =  e: 


(1) 


2  1  d 

s*  +  8"  p  d<^ 


{s^e;-s-e;) 


(2) 
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where  superscripts  +  and  -  denote  the  E-  and  H-fields  and  permittivity/permeabilily  above  and  below 
the  strips,  respectively.  Parameters  4  and  4  are  defined  by 


P,  nfF  ,  P,  rrfF 

I  =  — Incsc— —  4  =  “Insec— — 

^  n  2P  ’  "  n  2P  ’ 


(4) 


where  P  and  W  are  the  periodicity  and  the  width  of  the  strips  (Fig.  1). 


The  ASBC  are  more  general,  and  they  do  not  depend  on  the  geometry.  Theoretically,  the  surface  with 
the  strips  can  be  of  any  shape,  and  the  strips  can  be  nonperiPdical  provided  that  the  distance  between 
strips  is  small  enough.  For  ^directed  strips  the  ASBC  are 


e;  =  q,  e;=o, 
e:  =  e;^  h;  =  h-^ 


(5) 

(6) 


Note  that  the  ASBC  can  be  obtained  from  BCHM  by  letting  P  0  and  by  keeping  the  ratio  P/W 
constant. 


Results:  Fig.  2  shows  the  calculated  scattered  field  from  the  dielectric  cylinder  loaded  with  periodic 
circumferential  strips.  The  results  are  obtained  by  the  MoM  (accurate  results),  and  by  the  ASBC  and 
the  BCHM  methods.  The  radius  and  the  relative  permittivity  of  the  cylinder  are  p  =  1.2  cm  and  Sr  = 
2.1.  The  frequency  is  10  GHz,  and  the  periodicity  and  the  width  of  the  strips  are  F  =  0.8  cm  and  W  = 
0.3  cm,  i.e.0.27  Ao  and  0.1  Ao,  respectively.  The  incident  wave  is  TM^  polarized,  and  angle  of 
incidence  is  &=  90®  (normal  incidence).  The  shown  scattered  field  is  normalized  to 
Ef  ^2 j  /  nkp  exp(-j)tp)  -  Both  ASBC  and  BCHM  results  show  a  good  agreement  with  MoM  results. 

However,  the  BCHM  method  is  more  accurate  and  practically  there  is  no  difference  between  MoM 
and  BCHM  results. 


Figure  1 .  Geometry  and  coordinates  of  strip  grids 
on  dielectric  cylinder. 


0  (deg) 

Figure  2.  Scattered  field  from  a  dielectric  cylinder 
loaded  with  periodic  circiunferential 
strips. 
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Fig  3.  shows  the  equivalent  blockage  width  of  the  scatterer  from  the  previous  example.  The  equivalent 
blockage  is  a  complex  parameter  showing  how  wide  the  cylinder  spears  for  electromagnetic  waves, 
and  it  is  obtained  from  the  forward  scattered  field  [2].  The  incident  wave  is  TE^  polarized,  and  the 
results  for  two  incident  angles  are  shown  ;  0=  60®  and  9=  90®.  The  numerical  results  are  also 
compared  to  the  measurements.  The  results  again  show  that  both  the  ASBC  and  the  BCHM  are 
accurate  approximations,  and  friat  the  BCHM  method  is  more  accurate  (as  in  Fig.  2,  there  is  no 
difference  between  MoM  and  BCHM  results).  Furthermore,  the  ASBC  cannot  predict  the  coupling  of 
the  incident  wave  to  the  waveguide  modes  of  the  strip-loaded  dielectric  cylinder,  which  can  be  seen  in 
measured  results  and  in  the  calculated  results  by  the  MoM  and  the  BCHM  methods.  It  is  interesting  to 
mention  that  although  the  cylinder  has  a  relatively  small  radius  (0.42  at  10  GHz)  the  local  planar 
approximation  used  in  the  BCHM  method  works  very  well. 


Figure  3.  The  equivalent  blockage  width  of  a  dielectric  cylinder  loaded  with  periodic  circumferential 
strips,  (a)  6=  60®,(b)  0=  90®. 
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email:  evgeny.lipachev@ksu.ru 

We  consider  a  boundary  value  problem  for  the  Helmholtz  equation  that  arises  in 
the  mathematical  modeling  of  the  scattering  of  a  plane  electromagnetic  wave  by  infinite 
perfectly  conducting  gratings  with  an  arbitrary  piecewise-smooth  profile  of  finite  size. 

In  the  Hilbert  space  of  the  square-integrable  functions  we  find  the  solution  of  this 
problem  as  a  potential  whose  density  represents  a  solution  of  a  weakly  singular  integral 
equation. 

1.  Statement  of  the  Problem  and  Notations.  Consider  the  problem  of  finding 
the  field  scattered  due  to  a  plane  electromagnetic  wave  incident  (at  the  angle  6  with 
respect  to  the  axis  z)  onto  a  conducting  grating  [l].  The  geometry  of  such  a  grating 
is  characterized  by  the  curve  7  =  {{x,f{x))  :  x  €  [—a,  a]}  U  (k\[— a,o]),  where  /  is  a 
piecewise-smooth  fimction,  is  the  set  of  boundary  edges. 


Figure  1:  Geomertry  of  the  gratings 

This  problem  can  be  reduced  to  the  following  boundary  value  problem.  Find  a 
function 

/  ^ _ j  Ey(x,z)  ,  in  the  J5-polarization, 

^  '  ‘I  Hy{x,  z)  ,  in  the  H-polarization, 

which  satisfies  the  two-dimensional  Helmholtz  equation: 

Av{x,z)  :  +  :  k^v{x,z)  :=:0,  ImA:>0, 

with  the  following  boimdary  conditions: 

v{x,  z)  —  —Uo{x,  z), :  {x,  z)  €  7\fl,  -  in  the  ^^polarization, 

and 

dv  0U 

—{x,z)  :=:  -^{x,z), :  {x,z)  €  7\n,  -  in  the  H-polarization, 
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We  assume  that  the  function  v  satisfies  the  edge  condition  [2]  at  the  points  and 
the  radiation  condition  at  infinity: 


where  r  =  z  >  0,  v*  {x,z)  =  v{x,z)  -  v{x,z), 


^x,z)  =  +  C  = 


in  the  J&-polari2ation, 
in  the  if-polarization, 


g{x)  =  f{x),xe  [-a, a];  g{x)  =  0,x  ^  [-a, a]. 

2.  Approximation  method.  In  [3],  the  solvability  of  the  scattering  problem  in 
n  C{S  U  7)  (5  =  {{x,z)  :  2:  >  flf(ic)})  for  a  smooth  boundary  has  been  proved. 
With  the  aid  of  this  one  can  prove  the  rmiquieness  of  solution  of  our  problem  in  the 
Hilbert  space  of  square-integrable  functions. 

By  using  the  integral  equation  method  [4],  this  problem  can  be  reduced  to  solving 
the  following  set  of  integral  equations: 

=  xi^)  +  {Bi'ip){x)  +  {B2‘ip){x), 

where 

iBi^){x)  =  -y  /  Hi^\kr)h{x,zf)',p{3/)dz/, 

—a 

{B2i>){x)  =  -y  /  H^i\kr*)h2{x,x')^{x')dx\ 

—a 

hi{x,af)  =  — ^  {{x  -  xf)  fj,,{x')  -  {g{x)  - 

rpp’ 

h2{x,x')  =  -J—  {{x-x')rA=^)  +  (P(^)  +  /(^O)}, 

r*ppi 

in  the  case  of  j5-polarization,  and 

(p{x)  =  p{x)  4-  {Di(p){x)  +  {D2<p){x), 

where  ^ 

{D^^){x)  =  -y  /  Hi^\kr)qi{x,a/)ip{a/)dx', 

—a 

{D2<p){x)  =  -y  /  Hi^\kr*)q2ix,x')ipixf)dx', 

—a 

5i(x.x')  =  —  {(sW-ZM)  - 
rpp> 
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q,{x,x')  =  4-  + 


1  ppi 


in  the  case  of  T^-polarization. 

Solutions  of  these  integral  equations  are  approximated  by  splines  whose  coefficients 
are  determined  via  .the  mean-values  of  the  input  data  [5].  A  computer  algorithm  for 
soving  the  probelm  has  been  developed. 


References 

1.  V.  I.  Kas’yanov,  E.  K.  Lipachev,  Numerical  realization  of  integral  equation  methods 
of  diffraction  theory^  Kazan  State  University  Press,  1993  (in  Russian). 

2.  Y.  Hayashi,  The  Dirichlet  problem  for  the  two-dimensional  Helmholtz  equation 
for  an  open  boundary,  J.  Math.  Anal.  Appl.,  1973,  vol.  44,  pp.  489-530. 

3.  E.  K.  Lipachev,  Solvability  of  the  scattering  problem  for  a  groove  structure  of 
finite  size,  Proc.  Conf.  Algebra  Analysis,  Kazan,  1997,  pp.  135-137  (in  Russian). 

4.  D.  Colton,  R.  Kress,  Integral  Equation  Methods  in  Scattering  Theory,  New  York: 
Wiley,  1983. 

5.  B.  G.  Gabdulkhaev,  Numerical  Analisis  of  Singular  Integral  Equations.  Selected 
Chapters,  Kazan  State  University  Press,  1996  (in  Russian). 


Kharkov,  Ukraine.  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


MMET’98  Proceedings 


177 


MODEL  SYNTHESIS  OF  EFFICIENTLY  ABSORBING 
STRUCTURES  WITH  DIFFRACTION  GRATINGS 

L.  G.  Velichko 

Institute  of  Radiophysics  and  Electronics,  National  Academy  of  Sciences  of  Ukraine 
12  Acad.  ProskuraSt.,  Kharkov,  310085,  Ukraine 

In  this  paper  we  consider  certain  problems  related  to  the  synthesis  of  the  efficiently  absorbing 
structure  (perfectly  conducting  periodic  grating  covered  with  a  dielectnc  layer  having  complex-valu^ 
permittivity  e)  Hie  optimization  of  absorbing  properties  of  this  structure  is  earned  out.  As  a  resutt, 
analytical  relations  between  absorbed  (reflected)  energy  and  electromagnetic  and  geometnc 
characteristics  of  the  system  under  study  are  derived.  These  parameters  form  the  mprt  data  set  m  the 
synthesis  problem.  Some  algorithms  for  solving  relevant  inverse  problems  are  suggested  m  the  paper, 

1.  Optimization  of  absorbing  properties  of  coatings  n?  n 

Let  us  consider  a  perfectly  conducting  grating  covered  with  a  dielectnc  layer  of  depth  2710  (Fig.  1)^ 
The  absorbing  ability  of  the  coating  material  is  determined  by  the  imaginary  part  of  the  complex-^  u 
relative  permittivity  8  =  Res +/Im8,  ReeSl,  lms>0.  Let  hne  be  fixed  and  a  plane  £-polanzed 

wave  (/‘’(y.z)  =  exp[/(a)oy-ro2)]  be  incident  upon  the  structure  (with  the  angle  of  incidence  <p). 
Here,  r„  = Rer„>0,  lmr„>0,  «>„  =  w+Ksinep,  k  is  a  dimensionless  fi-equency 

parameter  (the  ratio  of  27t  to  the  incident  wavelength).  The  series  representation  of  the  total  field 
U{y,z)  has  the  form: 


U{y,z)^ 


2>0, 

«=~oo 

^(c/„e“''^"^  -2710 <z<0, 


(1) 


l^«=-00 


v^ere  T®  =  ImT®  >  0,  ReT®  >  0 .  To  determine  the  complex  scattering  amplitudes 

a„ ,  we  apply  the  method  of  generalized  scattering  matrices  at  the 

boundaries  of  partial  regions  (in  the  planes  z  =  0  and 
z  =  -27t0).  Consider  that  the  generalized  scattering  matrix 
R  =  {r„p}„p  of  the  grating,  placed  in  the  medium  with 

parameters  Coe  and  is  known  [1].  Further  we  shall  use  so- 
called  generalized  characteristic  {N,M)  of  the  scattering 
phenomenon  [1].  Here,  N  =  Rer„  is  the  number  of 

n 

the  scattered  harmonics  propagating  without  decay.  M  is  the 
similar  characteristic  for  e  -layer  as  hns  =  0  .  It  is  obvious  that 
it  determines  the  number  of  waves  that  are  «deeply»  involved  in 
the  energy  exchange  between  the  grating  and  the  radiation  region 

2  >  0 ,  W°  =lfl„P  To  ‘  Rer„  is  die  relative  part  of  the  scattered  energy  carried  away  from  the  grating 
by  the  wave  with  the  complex  amplitude  a„ 

Consider  now  the  ranges  of  parameters  k,  O,  and  e  that  are  characterized  by  vector  {N,M) 
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with  JV  =  M  =  1 .  Without  crasidering  the  fields  decaying  ejq)onetitially  in  a  layer  even  with  hne  -  0 , 
we  get 

|v„l"-Htf+2|v.Wcos(aigg-«gVo)  os«x(...)<2«.  ® 

“  l+]VoP|in’+2|V|,||iqcos(arg*:+aigv„)’ 

where  K  =  ,  Vo  =  (r„  -  r„- )/(r,  +  r,-) . 

Minimizing  (2)  as  a  function  of  aig  A:  ,  we  obtain  the  following  estimation  of  the  reflected  energy. 

as 

(4) 

cos(argAr-argVo)  =  -l  , 

Condition  (4)  can  be  written  in  terms  of  electromagnetic  and  geometric  parameters  of  the  structure  as 
follows 


4nB Re Tq®  +  argroo  - arg Vq  =-n  +  2%m,  m  =  0,1,2,. ..  ,  t  ) 

For  argvp  approaching  it  (when  the  value  of  hue  is  not  very  high),  (5)  is  coincident  with  a 
longitudinal  resonance  condition  for  the  zeroth  harmonic  in  the  layer  separating  free  space  and  the 
grating.  In  the  interval 

under  conditions  (5),  the  structure  has  higher  absorbing  ability  than  the  dielectric  half-space,  that  is 
<|vop.  The  total  minimum  of  the  reflected  energy  is  reached  at  the  same  conditions  for 

kool=Klexp(47teimro). 

Disregarding  condition  (5)  we  obtain  fi-om  (2)  that  <]vo|^  provided  that 


1  K\  =1  /-(JO  I  exp(-47t0  ImFo ) 


2|vo  |[-cos(arg  K  -  arg  Vq)] 
l+|Vol' 


(7) 


In  the  case  of  a  plane  perfectly  conducting  underlayer,  |  .K]  can  be  reduced  to  a  satisfactory  value  only 
through  increasing  the  layer  depth  (|^q=  exp(-47te  ImFo®)).  In  order  for  (5)  to  be  reaUzed,  the  depth  of 
the  layer  has  to  be  equal  to  an  odd  number  of  quarters  of  wavelength  in  e -medium 
(27C0/X.g  =(2ffj-l)/4,  »j  =  l,2,...).  The  use  of  gratings  allows  to  solve  the  optimization  problem  for 
absorbing  coatings  more  efficiently.  In  the  first  place,  it  is  achieved  through  choosing  the  proper  values 
of  argroo  «accelerating»the  wave  (the  depth  of  the  layer  can  be  reduced  substantially),  in  addition,  we 
can  select  the  parameters  and  operation  conditions  of  a  grating  in  such  a  way  that  |/bol  gets  into  a 
required  interval  at  a  minimum  layer  depth  2ii0 . 

An  inqiortant  point  is  that  such  satisfactory  selection  can  be  realized  not  only  for  discrete  sets  of 
values  of  K  and  O ,  but  also  if  the  angle  of  incidence  and  the  incident  wavelength  are  varied  tiirou^  a 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


MMET'98  Proceedings 


179 


wide  range.  Similar  analysis  has  been  performed  for 
N>1,  M>\,  harmonics  «locked»  within  the 

layer  come  into  existaice. 

2.  On  algorithms  for  solving  inverse  synthesis 
problems 

The  conducted  optimization  of  the  absorbing 
properties  of  a  coating  allows  one  to  consider  the 
problem  of  synthesis  of  a  grating  ensuring  die  desired 
characteristics  of  a  coating.  To  do  this,  the  period  of  the 
structure,  the  depth  of  the  layer,  and  the  relative 
permittivity  of  material  are  settled.  We  set  also  the 
ranges  of  incident  angles  and  frequencies  as  well  as  the 
relevant  maximum  value  of  fte  reflected  energy, 
msxWQ=W.  The  algorithms  for  solving  the 
associated  inverse  problems  of  synthesis  of  a  periodic 
structure  in  a  frequency  band  are  suggested.  These 
schemes  are  based  on  the  integral  representations 
relating  the  complex  scattered  amplitudes  a„  with  the 
continuous  current  density  Ti(y)  on  the  boundary  S 
(the  function  /  (y)  describes  a  profile  of  the  grating): 


Fig.  2 


m  47tr„J 

Ifwehave  P  amplitudes  ofthe  scattered  field  on  the  freriuency  interval  [Ki,K2],then 

one  of  the  possible  solutions  of  the  inverse  synthesis  problem  have  the  form: 


/(y)  =  Re 

V 


K2  P 


2ro(K2  -Ki) 


K,m=l 


(9) 


Numerical  examples  of  the  use  of  this  algorithm  for  different  P  are  presented  in  Fig.2.  The  problem  is 
to  synthesize  a  periodic  structure  having  scattered  characteristics  closely  approximating  the  given 
complex  amplitudes  (k)  (curve  1  in  Fig.2)  at  0.652  <  k  <  0.952  and  cp  =  10° .  As  input  data  for 

solving  the  inverse  problem  the  solutions  (complex  anqilitudes)  of  a  direct  problem  for  perfectly 
conducting  grating  from  semicylinders  are  used.  The  diffraction  characteristics  of  the  synthesized 
structures  (by  the  example  of  «-l»  scattered  harmonic)  are  depicted  in  Fig.2  by  curves  2-4.  The  sets  of 
input  data  {fl.i(K),«o(K),P  =  2  },  {a±i(K),«o («),/*  =  3},  and  {n_5(K),...,a5(K),/’  =  11}  correspond 
to  curves  2,3,  and  4,  respectively.  The  detailed  description  of  the  algorithms  we  have  given  in  [2]. 
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ELECTROMAGNETIC  WAVE  SCATTERING  BY  SEMI-INFINITE  GRATING 
CONSISTING  OF  METAL  STRIPS  PLACED  IN  MAGNETIC-DIELECTRIC  HALF  SPACE 

Sergy  N.  Vorobiov  and  Dmitry  L.  Litvinenko 

Institute  of  Radio  Astronomy  of  National  Academy  of  Sciences  of  Ukraine 
4,  Chervonoprapoma  St,  Kharkiv  310002,  Ukraine 
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The  problem  of  electromagnetic  wave  diffraction  by  semi-infinite  gratings  is  of  particular  interest  in 
physics  and  mathematics.  On  the  one  hand  this  structure  is  almost  infinite  (far  from  its  first  element)  and 
should  have  properties  inherent  to  periodic  gratings:  discrete  spectrum.  Wood’s  anomalies,  etc.,  and  on 
the  other  hand  it  is  a  quite  finite  structure  (near  its  beginning)  and  should  have  continuous  spectrum, 
cylindrical-type  wave  propagating  (if  2-D  problem  is  considered)  in  this  zone,  etc.  Dealing  with  the 
semi-infinite  grating  consisting  of  thin  metal  scatterers,  it  is  obvious  that  surface  current  distributions  on 
the  scatterers  will  differ  not  only  in  a  phase  shift  (i.e.  the  Floquet  theorem  can’t  be  used).  There  is 
another  interesting  question  concerning  the  previous:  at  what  number  of  scatterer  (counting  from  the 
first)  its  surface  current  distribution  will  correspond,  with  the  given  accuracy,  to  the  one  on  the  scatterer 
placed  in  the  infinite  grating  having  the  same  geometiy  and  conditions  of  excitation? 

Moreover,  one  can  find  here  some  mathematical  difficulties  through  the  semi-infinity  of  the 
structure.  The  Poisson  formula  in  its  classic  well-known  form  can’t  be  applied,  but  summing  up  in  the 
scattered  field  representation  still  remains  infinite  at  its  upper  limit  while  terms  to  be  summed  decrease 
rather  slowly.  Ihat  is  why  the  solution  of  the  mentioned  above  diffraction  problem  with  the  spectral 
method  and  the  mediod  of  moments  was  not  yet  successful. 

Consider  the  grating  consisting  of  thin  perfectly  conducting  strips  which  are  placed  periodically  in 
the  magnetic-dielectric  half-space  beginning  at  some  distance  from  its  surface  and  extending  to  infinity. 
The  incident  wave  comes  from  the  free  space  and  illuminates  the  structure  (see  figure). 


Figure.  Geometry  of  the  wave  scattering  by  semi-infinite  grating. 


This  electromagnetic  wave  diffraction  problem  is  solved  in  the  present  paper  using  the  operator  method. 

Working  with  the  operator  method  one  has  to  deal  with  the  Fourier-amplitudes  of  reflected  and 
transmitted  fields  existing  in  some  domains  and  to  build  operator  relations  with  respect  to  these 
amplitudes  at  the  boimdaries  separating  mentioned  domains.  Thus,  the  fields  above  the  structure  and 
between  the  strips  are  represented  in  the  form  of  Fourier  integrals.  Time  dependence  is  assumed  to  be 
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Q\p{—i((lt)  and  omitted.  Requested  operators  for  the  relations  to  be  obtained  at  the  interface  of  the 
magnetic-dielectric  (in  the  plane  Z  =  0)  and  between  neighbouring  strips  are  as  follows: 

and  to  are  reflection  and  transmission  operators  of  the  boundary  Z  =  0  (if  the  wave  propagation 
occurs  in  the  direction  Z  >  0  then  the  sign  plus  should  be  used  and,  on  the  contrary,  if  the  direction  is 
Z  <  0  the  sign  minus  must  be  chosen); 

r  and  t  are  reflection  and  transmission  operators  of  a  single  thin  metal  strip  placed  in  the  magnetic- 
dielectric  medium  (£,jU); 

and  C^/  are  operators  describing  phase  variations  when  shifting  along  the  OZ  axis  in  the  direction 
of  wave  propagation  takes  place  ^  domain  begitming  from  the  magnetic-dielectric  surface  up 
to  the  plane  where  the  first  strip  of  the  grating  is  placed,  and  in  the  domains  between  the  planes 

where  neighbouring  strips  of  the  grating  are  placed); 

6^^  and  6^/  are  operators  describing  phase  variations  when  shifting  along  the  Oy  axis  occurs  (the  sign 

plus  should  be  used  if  shifting  takes  place  in  the  positive  direction  along  die  OF  axis  and  the  sign  minus 
must  be  chosen  if  the  shift  occurs  in  the  negative  OF  direction;  subscripts  hand  /  denote  the  same 
domains  as  in  the  previous  case); 

R  is  the  reflection  operator  of  the  semi-infinite  strip  grating  placed  in  ttie  magnetic-dielectric  medium 
(e,/X).  The  operator  R  has  translation  properties,  this  means  that  the  operator  R  is  invariant  to  the 
position  of  the  strip  which  is  taken  as  the  beginning  of  the  semi-mfinite  grating. 

Introduce  the  definition  of  the  integral  operator  F  which  acts  on  some  analytic  function  g(^) 

converting  it  into  the  function  d(4): 

oo 

=  (F-  g)(l)  =  I  FiU)  g(«)  di  ■ 


The  function  of  two  variables  F(^,g)  is  the  kernel  of  this  operator  F.  Now  it  is  feasible  to  give  the 
analytical  representation  of  kernels  for  integral  operators  mentioned  above.  For  the  sake  of  definiteness 
and  shortness,  assume  the  incident  field  to  be  i/-polarised  (i.e.  to  have  nonzero  components  Ey 


and  E^)-  The  kernels  of  operators  and  tq  >  T  and  t ,  and  C^/,  and  Qyi  are  as  follows: 

tidi) = ±  ■ «(!-?),  w(s) = r‘(?) + e  r(?). 


r-(s)=^/^eftT^,  (zso), 

oo  oo 

=  Y  riXO  r2s(<;%  r,,ig)  =  f  ^ 

5=1  ^  '•=1 
r =  ■\fs J g(^) / ^,  thematrix  Q  hastheform  Q  =  (A-I)  ^ 
mid  the  matrix  A  elements  are  expressed  in  the  form: 


0 


0  * 
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Here  5(<^  —  ^)  is  the  delta-function,  is  the  Bessel  function  of  flie  first  kind  and  J -order, 

1]  =  k^d  is  the  dimensionless  half-width  of  one  strip. 

The  kernels  of  operators  f  and  t  obey  the  equality:  g)  =  5{^  ^)- 

e,h(^,g)  =  exp(iY-(g)h  cosyf)  ■  5(|  - g),  eA^,g)  =  exp(ir-(g)l  cost/)  •  S(^  - g), 

e%(^,g)  =  exp(±  igh  sinyf)  •  d(^  -  g%  ej(^,g)  =  exp(±  ig/ sini/f)  •  S(^  -  g). 

Connections  between  the  Fourier-amplitudes  in  the  planes  Z  =  0  and  Z  =  —h COSlff  bring  the 
following  six  operator  relations:  a(^)  =  Vq  q(^)  +  tj  Cq  (^),  (^)  =  q{^)  +  To  Cq  (|), 

^)(^)  ~  ^yh  ^zh  ^  ^yh  ^zh  ^o(^)>  ^o(^)  ~  ^yh  ^zh  ^ ^yh  ^zh  ^o(*5))> 

=  r  Ci(<^)  + 1  ej/i  e,/,  c^{^)  =  q'i  g,i  R  ej;  e,; 

It  would  be  mentioned  that  such  an  approach  has  been  applied  successfully  to  the  analysis  of  tiie 
semi-infinite  structure  consisting  of  plane  Infinite  periodical  gratings  [1]. 

On  using  four  last  operator  relations  and  after  some  transformations,  the  operator  equation  with 
respect  to  the  reflection  operator  of  the  semi-infinite  grating  R  is  obtained  as  a  result: 

/(R)  =  R-r-(I-ErREfr)-iE;-RE;t  =  0,  where  Ef  =  eJ-e,/. 

This  is  non-linear  in  R  operator  equation,  it  might  be  solved  by  using  the  Newton  iterative  technique. 
The  (n  +  l)-th  iteration  corresponding  to  the  Newton  method  is  expressed  as  follows: 

=  /(R)Ir.r„- 

Transformations  of  (he  first  three  operator  relations  lead  to  the  expression  for  obtaining  the  Fourier- 
amplitude  of  the  scattered  field  above  the  magnetic-dielectric  (Z  >  0): 

a(|)  =  (r  + 1  (I-  Er  R  E?  r)-'  Ej  R  Et  t)  ?(«). 


The  generalised  criteria  of  the  accuracy  of  calculations  of  the  reflection  operator  R  and  Fourier- 
amplitudes  of  the  electromagnetic  field  in  firee  space  is  the  energy  conservation  law.  In  the 

dimensionless  form  the  power  conservation  law  is  expressed  as  follows: 


where  6,(1)  =  (I '*■'0  R  EJ)  ‘  to  <((|),  E^  =e^-e^, 

<0©  =  EJ,  R  EJ  bo(^)  =  EJ,  R  EJ  (I  -  r„-Ej  R  EJ)-'  tj 


If  the  energy  identity  is  not  satisfied  with  a  desirable  accuracy  then  some  additional  iterations  should  be 
done  to  determine  the  operator  R  more  precisely. 

Solution  of  the  wave  diffraction  problem  for  the  semi-infinite  strip  grating  is  of  specific  interest  not 
only  due  to  its  “middle”  position  between  infinite  and  finite  structures.  This  problem  has  physical 
applications  also,  for  example,  such  as  detection  and  determination  of  periodical  metal  inclusions  in 
magnetic-dielectric  medium  by  analysing  of  their  scattered  fields  rather  far  from  the  magnetic-dielectric. 


1.  Litvinenko  L.N.,  Reznik  I.I.  and  Litvinenko  D.L.  Wave  diffraction  by  semi-infinite  periodical 
structures,  Reports  of  Academy  of  Sciences  of  Ukr.SSR,  1991,  No.6,  p.  62-67  (in  Russian). 
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WAVEGUDOING  AND  ANOMALOUS  PROPERTIES  OF 
PERIODIC  SLANTING  STRIP  GRATING 
Shirnen  A.  A. 

Novosibirsk  State  University 

Faculty  of  Mathematics  and  Mechanics,  Department  of  Hydrodynamics 
Novosibirsk,  630090  Pirogova  str.2,  RUSSIA 


It  has  been  shown  that  periodic  slanting  strip  grating  possesses  guiding  and  anomal 
properties.  The  dependence  of  guiding  frequency  on  the  geometrical  parameters  of  gratings 
has  been  investigated.  With  the  help  of  discrete  isometric  transform  group  of  gating 
symmetry  space  of  admissible  solutions  hase  been  restricted  and  the  existence  of  guiding  and 
anomalous  waves  has  been  proved.  Pass  bands  modes  have  been  classified  with  the  help  of 
grating  symmetry  group.  Fine  structure  of  the  spectrum  has  been  investigated. 

Statement  of  problems. 

Steady-state  oscillations  near  the  strip  grating  are 
described  by  the  function  u,  which  satisfies  the 


following  conditions: 


u  +u  +  =  0  -  oscillation  equation, 

XX  yy 


du 


dh 


=  0  -  boundary  condition. 


(B) 


I  iy/uf  +u^dQ.<<x)-  energy  fmitness. 


n  J 

(p-angle  of  grating  incline,  L-length  of  plate,  X-non- 
dimensional  frequency,  ©  and  K  are  points  which 


have  rotation  symmetry  by  n  angle. 

Since  the  translation  group  is  commutative  and  its  representation  in  the^  space  of 
admissible  solutions  is  umtary,  the  space  of  solution  can  be  expanded  into  invariant  one  — 
dimensional  spaces,  the  functions  from  which  are 


u{x+cos{(p),y+sm.{q}))  =  e'^u{x,y),  (|^|<^)  (1) 

The  problem  B  with  the  condition  (1)  is  called  the  problem  8(0).  On  the  ground  of 
translational  symmetry  this  problem  can  be  considered  only  for  Q'={(x,y):  0<y<sin((p)}. 


Waveguiding  properties. 

Definition  1 _  _  . .  _  ^ . 

^  •  The  wavfiffuiding  functioaTs  defined'eis  Ae  ^lution  u(x,y)  of  prqbiem.  ]^C©|\^eh:4s  h . 
genertri^ed  -luiKtion  pf  ta^Iace  ope^top/  Ofre.  j^^.dtrbction^‘-p*e^Qdic  gtffletee„,.Pds§^ses 

The  basic  difficulty  of  investigation  of  waveguiding  property  of  periodic  strip  grating  is 
that  waveguiding  and  free  frequencies  of  problem  B(0)  can  coincide,  in  spite  of  the  difference 
of  free  and  waveguiding  functions.  Let  the  free  and  waveguiding  frequencies  be  positive  .It 
follows  from  the  condition  (1)  that  the  continuous  spectrum  [0,oo). 


TTzeoremi.  (Existence  of  waveguiding  property)  ...  - ^ 

:  4  Sl^tmgperiddfcstip.-ra^ingpbss^ses-waib^diag;|r^^ 
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Proof  The  proof  is  carried  out  by  the  method  of  “Dirichlet  -  Neumann  fork”.  Let  Dirichlet 
conditions  (the  problem  B(DR))  or  Neumann  condition  (the  problem  B(DR))  be  fulfilled  in 
addition  to  the  boundary  conditions  of  problem  B(0)  for  x=R  (R  >  0).  For  ?i(DR)  - 
eigenvalues  of  problem  B(DR)  and  A,(NR)  -  eigenvalues  of  problem  B(NR)  the  following 
system  of  inequalities  A,(NR)<>,<>,(DR)  is  right. 

(follows  from  the  variational  statement  of  problem),  hence  it  is  enough  to  prove,  that  for 
VL>cos((p)  3R  that  the  inequalities  0  <  X(NR)  <  X,(DR)  <6. 

/l>0.  It  follows  from  connectedness  of  and  condition  (1). 

A,<d.  Any  solution  u  in  domain  Q  represent  as  u=u+u,  where  u[r]  is  function  discontinuous  in 
the  set  G,  continued  with  0  outside  the  plate  grating,  u[n]  is  function  discontinuous  in  the 
whole  domain,  satisfies  all  relations  of  problem  B(DR),  except  the  Neumann  condition  on  the 
plate.  For  all  values  C  -  constant  the  relation 


is  right.  Here  Q=Qn{(x,y):  x  <R} .  For  big  values  R  the  asymptotic  representation 


m\C,R)  =  0^  +j  +  ^+o-^ 

is  right.  Since  the  values  A  and  B  depend  on  C,  the  values  of  A  are  negative  for  corresponding 
choice  of  constant  C,  hence  for  enough  big  values  of  R  p  <  0.  The  theorem  is  proven. 


Dispersion  relation. 

Due  to  the  radiation  condition,  the  general  representation  of  wave  guiding  solution  of 
problem  B(0)  are,  accordingly  for  symmetrical  oscillations  (symmetry  rotation  of  angle  is 
equal  to  m)  and  anty  -  symmetrical  oscillations 

W]  (^'j  y)  =  S'  A\  cosf  cosh(a„:i[:) + sin  sinh(a„x)  (in  )  -  for 

^  '  '  sin(^) 


cosh(a„:i[:)+sin  -iiSL  sinh(ci:„x)  (inf2,)-for 
^sin(«?)J  ) 


simmetrical  oscillatiois. 


— 7^  sinh(a„x)+sin  — ^  cosh(a„x)  (inQi)-for 

^  I  I  I  Vsin(^)  '  ' 


to  ^  VSinwJ 
anty  -  simmetrical  oscillations 

u,(u,v)=^ 


«n  A  =^|i2m  +  9f-A\  ^ 

For  these  functions  in  order  to  be  solutions  of 
problem  B(0)  on  the  boundaries  of  domains  Q  (j=l,  2,  lL=-====E===-====-i™*-— -== 

3  ),  the  conditions  of  continuity  of  solution  and  its  normal  derivative  must  be  fulfilled  Grin’s 
formula. 


The  endless  system  of  equations,  which  has  been  received  from  this  Grin’s  formula ,  has  been 
investigated  numerically. 
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One  can  consider  that  parameter  9,  from  relation  (1)  is  a  wave  number  for  waveguiding 
function  of  periodic  grating  G.  Non  -  dimensional  waveguidmg  frequencies  X  depend  on 
0, these  depencies  are  dispersion  relations.  In  the  article,  some  its  approximations  have  been 
iiivestigated.  In  particular,  the  case  of  little  deviation  of  angel  cp  for  %I1  have  been  considered. 

Anomalous  properties. 

Definition  2  _ _ _  ^ ... ..  - ,  — ^ — - n 

Anomalous  imctioas  ate  defined  as  generalized  eigenfunctions  of  problem  B,  localized 

in  the  neighborhood  of  slanting  strip  gating,  satisficing  the  periodicity  condition  (2). _ ^ — 1 

m(x  +  cos(^),  y  +  sin(^))  =  u{x,y)  (2) 

Since  the  slanting  periodic  grating  accepts  the  more  narrow  symmetry  group  then  the 
simple  grating,  it’s  necessary  to  add  the  condition 

|(MrVQ  =  0  (3) 

Q 

to  the  conditions  of  problem  B,  where  Y  -  generalized  eigenwave.  Thus  all  anomalous 
functions  mast  is  orthogonal  to  ingoing  generalized  eigenwave  (the  direction  of  propagation  Y 
and  plane  of  plates  are  parallel).  This  conditions  restricted  the  space  of  admissible  solutions  of 
problem.  The  problem  ‘B’  with  the  condition  (3)  is  called  the  problem  ‘A’.  Continuous 
spectrum  of  Laplace  operator,  corresponding  to  free  eigenfunctions  of  problem  ‘A’  represents 
the  set  a=[4n\  <x>),  or  in  terms  of  non-dimensional  frequency  [2n,  oo). 

Theorem  2  (Existence  of  anomalous  property) 

Slanting  periodic  strip  grating  possesses  anomalous  property,  then  cos(9)<L. 

The  theorem  is  proved  through  the  method  of  “Dirichlet  -  Neumann  fork”. 

Fine  structure  of  the  spectrum. 

By  the  existence  theorems  of  waveguiding  and  anomalous  properties  the  spectrum  of 
problem  consist  of  pass  bands  (a  mode  -simmetrical  waveguiding  function,  p  mode  -  anty- 
symmetrical  waveguiding  function),  anomalous  frequences  (y  and  6  modes)  and  unknown 
spectrum.  _ 


Pass  bands 


Anomalous  frequencies  Unknown  spectrum 
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Moment  -  method  analysis  of  electromagnetic  wave  scattering  by  plane 

array  of  chiral  strip  elements 

Sergey  Prosvimin  and  Tatyana  Vasilyeva 

Institute  of  Radio  Astronomy  National  Academy  of  Sciences  of  Ukraine 
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A  numerical  method  of  electromagnetic  modelling  of  scattering  by  2-D  periodical  array  consisting  of  metal  strip 
elements  which  have  complex  shape  is  presented.  The  method  is  applied  to  the  characterisation  of  chiral  arrays. 
Scattering  characteristics  of  periodical  arrays  placed  in  free  space  and  microstrip  arrays  are  analysed. 

Chiral  mediums  are  well  known  as  mediums  that  have  optical  activity.  Electromagnetic 
wave  transforms  its  polarisation  propagated  through  such  medium  slab.  There  are  no  natural 
media  which  have  properties  of  optical  activity  in  microwave  frequency  region.  That  is  why  a 
design  and  a  mathematical  modelling  of  artificial  media  or  electromagnetic  structures, 
properties  of  which  are  similar  to  optical  activity,  are  a  subject  of  a  great  interest  [1].  It  is 
natural  to  include  chiral  resonant-size  particles,  in  microwave  frequency  region,  in  these 
structures. 

Recently  plane  structures  have  been  suggested  that  consist  of  two-dimensional  chiral 
particles  and  mathematical  models  were  created  for  the  characterisation  of  electromagnetic 
wave  scattering  by  some  structures  [2,  3].  Plane  chiral  structures  have  typical  properties  of 
three-dimensional  artificial  chiral  mediiun  but  are  more  feasible  in  manufacturing. 

In  this  paper  we  consider  mathematical  modelling  of  plane  electromagnetic  wave 
diffraction  and  scattering  by  periodical  structures  consisting  of  strip  metal  elements  having 
complex  shape,  particularly  chirality  shape.  To  the  characterisation  of  microstrip  array  the 
algorithms  were  developed  and  numerical  analysis  was  carried  out,  i.e.  the  array  which 
elements  are  placed  on  magneto-dielectric  slab  with  metal  ground  plane  (see  Fig.  1),  and 
diffraction  array  in  free  space.  Arrays  are  periodical  in  two  orthogonal  in  the  plane  directions. 
The  elements  of  arrays  are  plane  metal  strips  of  complex  shape,  particularly  chiral  S-shape 
and  C-shape. 


Fig.  1 .  Microstrip  array. 


In  each  case  the  solution  of  boimdary  value  problem  was  reduced  to  a  moment-method 
solution  of  integral  eqxiation  for  unknown  surface  current  density  on  the  strip  elements  of 
array.  Spectral  representation  of  Green’s  functions  were  used  in  the  both  cases:  microstrip 
array  and  array  in  free  space.  Integral  equations  were  obtained  under  the  assumption  that 
surface  current  flows  along  the  strip  element  only,  i.e.  the  width  of  the  strip  which  can  be 
variable  is  so  small  that  current  density  cross  component  can  be  neglected.  The  cross  current 
density  distribution  is  given  by  a  single  moment-method  basis  function  with  the  necessary 
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singularities  for  the  current  distribution  at  the  strip  edges.  The  expansion  of  the  current  density 
along  the  curved  strip  is  made  by  using  the  roof-top  basis  functions. 

Such  array  scattering  characteristics  have  the  resonant  behaviour  versus  frequency. 
Resonances  arise  at  frequencies  when  a  half-wave-length  in  the  free  space  or  the  microstrip 
line  equals  approximately  to  the  strip  length.  Essential  variations  of  the  amplitude  and 
polarization  of  reflected  and  transmissed  fields  occur  at  the  wave  resonant  conditions. 

For  simplicity,  we  shall  consider  the  normal  incidence  of  a  plane  electromagnetic  wave  on 
the  array:  E’  =  pe'^ .  Both  periods  of  array  are  assumed  smaller  than  the  wavelength:  d^l  X<1 
and  d  /  A  <  1 .  Then  there  is  only  one  space  harmonic  in  the  reflected  and  transmitted  fields: 
£'■  E'  In  each  pair,  the  vectors  r,  pand  t,  p  are  connected  by  the 

operators  of  reflection  and  transmission:  r  =  ^p,  t  =  Jp .  When  bases  are  formed  by  the  unit 
vectors  e..  and  e„,  the  matrices  of  S  and  T  tensors  as  follows 

X  y  ^ 

^  XX  ^  xy 
^yx  ^yy 

The  identities  and  follow  from  Lorenz’s  lemma  and  energy  conservation 

xy  yx  xy  yx 

low.  The  relations  f  =  0  and  =|5j5,|  hold  true  in  the  case  of  a  microstrip  array  as  well. 

The  reflection  field  has  an  elliptic  polarization  in  usual  case  of  normally  incident  plane 
line  polarized  electromagnetic  wave  on  a  microstrip  array  consisting  of  S-shape  elements  in 
the  regime  of  the  propagation  of  a  single  partial  harmonic.  However  the  reflected  field  has 
linear  polarization  that  is  orthogonal  to  the  incident  field  in  the  certain  resonant  conditions. 
Such  microstrip  screen  can  be  as  fully  transparent  for  a  linear  polarization  transmitting- 
receMng  antennas  in  the  certain  conditions. 

Fig.  2.  The  elements  of  reflection 
matrices  versus  d^l  X  ratio 
0^=dy,e  =  l,f^  =  \,al  d^=(i3, 
w/ci,  =0.005,  ;?/4=0.1f;  the 
curves  near  rf, /A  =0.285 

correspond  to  (p^  -  120°;  the  curves 
near  d^ !  X  =  Q31  correspond  to 
^1=90°). 

Figure  2  shows  the 
dependence  of  the  elements  of 
the  reflection  tensor  versus 
period  to  wavelength  ratio  for 
the  case  of  microstrip  array 
consisting  of  S-shape  strips. 
Such  array  is  a  chiral  structure 
that  has  pronounced  resonant 
dispersion  characteristics. 

If  the  angular  dimension  is  such  that  there  are  some  parts  on  the  strip  with  mutually 
orthogonal  current  directions,  then  the  diagonal  matrix  elements  of  S  might  tend  to  zero  (see 
Fig.  2,  (p^  =  120°).  Let  us  consider  the  incidence  of  a  wave  that  has  a  linear  polarization  along 
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one  of  directions  of  periodicity  of  array.  The  reflected  wave  is  orthogonally  polarized  to  an 
incident  wave  at  the  corresponding  frequencies  in  above-mentioned  conditions. 

In  the  case  of  array  placed  in  free  space  it  is  possible  that  a  circularly  polarized  normally 
incident  wave  can  be  transformed  to  the  approximately  equal  (by  amplitudes)  reflected  and 
transmitted  linearly  polarized  fields  at  the  resonant  dimension  of  S-shape  element  (see  Fig.  3). 
Turning  of  polarization  plane  or  transformation  to  elliptic  polarisation  of  transmitted  field 
occur  in  the  case  of  linear  polarization  of  the  incident  field  in  the  resonant  conditions. 


Fig.  3.  Dependence  of  amplitudes  and 
phases  of  transmitted  and  reflected  fields 
in  the  case  of  left  (-)  and  right  (+) 
circulary  polarized  incident  wave  versus 
ratio  d^l  X.  Normal  incidence.  The  S- 
shape  strip  array  in  a  free  space 

{d^  =  dy,w  I  d^  =  0.005, ar !  d^=  0.3 
=90‘’):.l-/',  2-tl,  3-ty, 

^~ty,  S-Tj.  —^X  )’ 

6-  r;,r;,(r;  =r;). 
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ELECTROMAGNETIC  WAVE  SCATTERING  ON  TRANSPARENT  WAVY 

INTERFACE 
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The  method  of  observation  of  the  earth  surface  by  various  techniwl  tools  is  one  of  the 

most  widespread  methods  for  the  mvestigatior.  of  the  “XtrS 

of  the  earth  surface  are  of  great  importance  among  such  tools.  We  consider  the  practica 

problem  of  remote  serpdng  of  the  sea  water.  The  most  importart 

problem  of  determination  of  the  reflecting  surface  boundary.  To  solve  the  mvmse  problem 

is  necessary  to  have  an  efficient  numerical  method  for  the  direct  problem  solvmg^  diffraction 
In  Ais  paper  we  consider  the  numerical  procedures  for  analysis  of  the  diffrartion 
problem  of  a  pLe  electromagnetic  wave  incident  on  a  wavy  interfa.ce  between  ^  ditom 
SiediaAn  infidte  periodical  cylindrical  surface  as  well  as  the  cyhndnca  surface  differed  fro 
the  plane  on  a  bounded  part  of  it  is  discussed  here.  In  the  case  of  an  illuminated  region  wde 
compared  to  the  wavelength  of  the  incident  field,  the  choice  of  penodic  model  of  reflecting 

surface  is^r^fl^^^t,  approximate  methods  for  solwng  the 

gratings  have  been  proposed.  We  would  like  to  emphasize  the  methods  of  Kirchhoff  [1],  of 
Sail  perturbations  [2]!  and  of  small  inclinations  [3]  among  the  approamate  methods  of 
soiling  diffraction  problems  for  an  undulate  surface.  Approximate  methods  may  have  not 
oiiy  Wgh  but  also  low  accuracy  depending  on  the  range  of  variation  of  inp^  „ 

ThJse  questions  are  discussed  in  [4,5],  Approximate  methods  of  solving 
problems  for  reflecting  gratings  have  been  thoroughly  Ld 

Octangular  profile,  a  rigorous  method  of  partia  regions  was  f 

of  such  a  reflecting  grating  were  studied  in  the  works  by  L.  Dewm.  Systematic 
investigation  of  gratings  with  saw-tooth  profile  was  carried  out  at  the  Kharkov  school  of 

radioP^We  Siivestigate  a  full  electromagnetic  formulation  of  the  problem  of  plane  waw 
diffraction  by  a  periodic  wavy  interface  between  two  different  media,  on  whose  surface  erthCT 
the  continuity  conditions  of  the  tangential  components  of  electee  and  magnetic  fields  or  the 

’^mo"dbfons  are  sa.iaf.ed.louudary  v^uc 

in  the  half-space  is  reduced  to  a  set  of  integral  equations  over  a  finite  portion  of  the 
by  selecting^propriate  fundamental  solutions.  The  authors  of  this  paper  have  develop^  the 
mrthod  offntSral  equations  in  [7].  Perfectly  conducting  structures  have  been  studied  by  the 

method  of  mte^a^_q^^^_^^  problem  in  the  following  formulation.  Suppose  that  S  is  the 
interface  between  two  media  Z),  and  £>2  with  dielectric  and  magnetic  permeabilities  Mi 
and  2,  /1 2.  respectively  (Im  e,  =0).  Suppose  that  cylindrical  surface  S  is  penodic  along 
the  X  ms,  its  generatrix  is  parallel  to  the  z  axis  and  given  by  the  equation  =  fix) .  A 
plane  wave  is  incident  from  D,  onto  S.  Its  time  dependence  is  exp(-/m0,  with 
K 2  =  ®  frequency.  Let  us  denote,  by  Eo(x,j^,z) ,  Ho(x,>^,z) , 

the  incident  field  of  the  plane  wave,  which  has  the  form: 


V,m  credence  »  Me,Ho<,s  E,e«rc,u.„«,c  Tk.ory 
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^Q{x,y,z)='E.o&L^{-ia^x-ip^y+iYoz\  Ho(x,j,z)=7^7^Eo(x,;/,z)  (1) 

Here  =^,sin^5sini95,  =^,sm^5COSi9o,  =k^cosq>^ ,  where  (p^  is  the  angle  between 
the  z  axis  and  the  propagation  direction  of  the  incident  field,  is  the  angle  between  the 
negative  direction  of  the  y  axis  and  the  projection  on  the  plane  z  =  0  of  the  propagation 
direction  of  the  incident  field. 

In  the  domains  Djand  Dj,  we  seek  a  solution  to  the  uniform  set  of  the  Maxwell 

equations  with  the  boundary  conditions  of  continuity  of  the  tangential  components  of 
electromagnetic  field  across  the  media  interface  S .  The  scattered  field  satisfies  the  radiation 
conditions.  We  shall  assume  that  the  total  electromagnetic  field  has  the  dependence  on  the  z- 
coordinate  as  exp(/yjz).  It  can  be  shown  that  diffraction  problem  is  reduced  to  the 

determination  of  the  projection  on  the  z-axis  of  the  field  E  and  H  (x,^),  which  satisfy 
a  uniform  two-dimensional  Helmholtz  equation  with  coefficients  (^^2  -y\)  in  the  domains 
Dj  and  Dj.  The  boundary  conditions  couple  the  tangential  components  of  the 
electromagnetic  field. 

In  order  to  derive  the  integral  equations  let  us  introduce  two-dimensional  quasi- 
periodic  fundamental  solutions  g,  to  the  Helmholtz  equation  in  the  domains  £>,  2  that 

satisfy  the  radiation  conditions,  and  shown  in  the  work  [7].  By  using  the  Green's  formulas,  the 
properties  of  surface  potentials,  and  the  quasi-periodic  fundamental  solutions 

diffraction  problem  is  reduced  to  a  set  of  four  integral  equations  for  u{P)=Ef^{P), 
v(p)=  du{P)l^,  dvip^dfi  over  a  finite  portion  Sq  of  the  surface  S  [7].  The  values 

of  dv{P)l  dr,  for  a  numerical  solution  of  this  integral  equation  set,  are  substituted 

by  u(P)  and  v(P)  on  . 

In  the  particular  case  if  wave  incident  in  the  a^-plane  (^'o  =0),  boundary  conditions 

can  be  simplified,  and  the  set  of  four  equations  splits  into  two  independent  systems  of  integral 
equations  of  the  form 


dsp  +«o(A/), 


’  ai  2zr^ 


S«  L 


(2) 
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where  a  =  l,  kP)  =  «{P)  =  E^SP),  in  the  ^-polarization,  or  a-ejs„ 

u{P)  =  v{P)  =  Hf{P)  in  the  /^-polarization.  Integral  equations  are  further  solved  by 
discretization  (2).^  Algorithms  have  been  constructed  based  on  explicit  representation  of  the 
logarithmic  singularity  contained  in  the  equation  kernels. 

In  the  case  of  the  media  A  having  a  strong  conductivity,  the  Leontovich  boundary 

conditions  are  valid  on  the  surface  S:  [nxE]  =-H^[ox[nxH]].  These  conditions  for  the 
electromagnetic  field,  which  satisfies  the  set  of  the  Maxwell  equations  and  has  a  dependence 
on  the  z-coordinate  as  exp(/>or)  can  be  written  as 


E=^ 


H  = 


no- 


dJ^ 

dr 


-mJu^ 


a£z 

dn 


(3) 


To  solve  the  diffraction  problem,  the  set  of  two  integral  equations  for  the  unknown  functions 
ai{P)ldn,  Mp)!^  on  is  obtained.  If  y#  =  0.  i  e-  if  propagates  in  the  ay- 

plane,  the  boundary  conditions  (3)  become  simpler,  and  a  single  integral  equation  for 
Su{P)lch  can  be  obtained  instead  of  the  set  of  two  equations.  An  integral  equations  set  with 
respect  to  du{P)l  dr  and  v(P)  can  be  derived  analogously.  In  the  case  of  =  0  we  obtain  the 

integral  equation  for  . 

A  similar  consideration  has  been  developed  for  a  plane  wave  diffraction  problem  on 
the  surface  differing  from  the  plane  on  a  bounded  part  of  it.  Tlie  sets  of  integral  equations 
have  been  obtained  for  the  interface  between  two  different  media  and  for  the  surface  with  the 
Leontovich  boundary  conditions. 
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ELECmOMAGNEnC  WAVE  SCATTERING 
BY  RECTANGULAR-CELL  DOUBLE-PERIODIC  MAGNETO-DIELECTRIC  GRATINGS 

N,V.Ryazantseva  and  V.V,  Yachin 
Institute  of  Radio  Astrononqr 
of  Ihe  National  Academy  of  Sciences  of  Ukraine, 

4,  Krasnoaamennajfa  str.,  310002  Kharkov,  Ukraine 

Abstract 

Tie  problem  of  electromagnetic  waves  scattering  by  a  double-periodic  grating  is  solved  by  the 
new  method  based  on  the  rigorous  volume  integro-differenhal  erpiations.  The  Galerkin  mettiod 
is  applied  to  reduce  fibis  volume  integro-differential  equation  to  a  set  of  second-order 
differential  ones  with  constant  coefficients  in  functionals.  Numerical  solution  was  obtained  for 
the  simplest  double-periodic  magneto-dielectric  rectangular-cell  grating  as  an  example  of  a 
structure  witii  translational  symmehy. 


hitroduction 

Periodic  screens  are  used  in  many  qiplications  as  a  filter  of  electromagnetic  w^s.  The 
purpose  of  tiiis  paper  is  to  present  a  single  transformation  fi'om  the  integral  eipiations  to  the 
differential  ones  that  leads  to  efficient  wsy  of  solving  the  scattering  problem  for  waves 
arbitrary  incident  on  a  double-pmodic  structure.  We  shall  analyze  the  case  of  the  rectangular¬ 
cell  magneto-dielectric  grating  shown  in  Fig  1. 
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Me&od 

The  most  general  set  of  integro-differential  equations  for  the  electromagnetic  field  can  be 
written  in  the  form  borrowed  from  [1]; 

+£:’i'x|,(j-l)l(?)G(|r-r'D^'.  (2) 

where  V  acts  on  f,C{r-r*)  is  the  Green’s  fimction.  The  material  of  the  medium  is 
characterized  by  the  relative  peraiittivity  tensor  i  and  the  relative  permeability  tensor  V 
is  die  volume  of  scatterer,  ^o(^)  ^o(^)  ^  electric  and  magnetic  conqion^ts  of  the 

incident  field  Time  dependence  of  die  field  is  assumed  to  be  exp(-ii«t)  and  siqqiressed 
throughout  this  p^er. 


Taking  into  account  the  scattering  structure  geometry  and  characteristics  of  the  incident  field 
we  can  rewrite  equation  (l)-(2),  Where  the  Green’s  fimction  can  be  represented  in  the  integral 
form  as: 


je-r^-c^ 


-dv/dy 


and  the  field  inside  die  grating  is  eiqianded  in  tenns  of  the  Floquet  modes  (see  e.g.[2  ]): 


E{x,y,z)=  Z  ‘  ^ 


00 


^mi^)  =  T-rUE{x\y%z')e  e  '  dx’dy\ 

0  0 

H{x,y,z)=  £  ^  « 

h-h  0  0 

After  substitutipg  diese  expansions  into  (1),  (2)  the  obtained  eiqiression  is  integrated  over  all 
possible  variables  of  integration  and  differentiated  with  respect  to  x  and;'.  Then  we  act  on  the 
left  and  ri^-hand  sides  of  these  equations  by  the  finte  integration  operator: 
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4u  = 


L.L, 


n 
0  0 


dxdy 


Eventually,  usiag  the  easily  derivable  relations: 


where  4(z)  =  MM=  and 

Zsf  =  +  lf!sl  L^f-  {kj  +lfirl  Lj  one  can  obtain  linear  dijS^rential  equations  of 

Che  second  order  vi?ith  constant  coefficients  in  the  functionals  4.,  Ji^..  Then,  following  [3],  the 
transmitted  field  can  be  determined; 


1  „ 

(x,y,z)=-ZZ - -7 - Z^'^CsU'+^xDll- W2)W, 

^  »  Znvi  s. 

-VJW2  -  «  +  xUK  -  vlxM 


1  „„  _ 

E;  (x,y,z)  =  -Zl, - - - )[(1-  yr'i  )W, 

^  m  K  Zm  s 


-KW + «  -xU«i-  eix'jr.l 


^  W  »  Xm, 


Se'*c,«-+(jriXa-»':>. 


-Kx'jT',  -  ^;xi.^2  -  KK + wi 

w*ere  =  y/^  =  k^+  lim / z=B^  =  k^-\- 2m / are  die  propagation  constants  of 

the  medium,  C,  are  the  coefficients  of  the  eiqiansion,  X,  11^  are  the  eigen  values  and  associated 
eigen  vectors  of  the  structure. 
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PLANE  WAVE  SCATTERING 
BY  A  CASCADED  DIFFRACTION  GRATING  (F-CASE) 


Z.Nazarchuk,  O.Ovsyannikov,  T.Senyk 
Physico-Mechanical  Institute  of  National  Academy  of  Sciences  of  Ukraine 
5  Naukova  St.,  Lviv  290601,  Ukraine 
e-mail:  nazarch@ipm.lviv.ua,  oleg@ipm.lviv.ua,  star@ipm.lviv.ua 


ABSTRACT  The  problem  of  a  plane  wave  scattering  on  a  multielement  dip'oction  grating  is  considered  in 
the  paper.  The  diffracted  field  is  sought  for  as  a  double-layer  potential.  The  technique  of  integration  contour 
deformation  is  utilized  for  Green  function 's  calculation.  An  accounting  for  a  singularity  of  an  integrand  on  a 
specially  chosen  part  of  the  integration  contour  is  adopted  to  derive  a  numerical  solution.  To  reduce  the 
computation  time  for  Sommerfeld-type  integral  calculations  essentially  a  Lagrange-type  interpolation 
polynomial  of  several  variables  is  constructed.  By  an  integration  contour  deformation  and  accounting  for 
residues  from  poles  the  estimation  of  the  Green’s  junction  at  infinity  is  provided.  A  two-layered  grating  of  two 
curvilinear  screens  on  the  period  was  considered. 

The  correct  modeling  and  engineering  of  radiowave  equipment  in  the  superhigh  frequency  range 
require  accounting  of  resonance  effects.  The  high  merit  of  such  effects  leads  to  rigorous  meAods  in  their 
investigation,  in  particular  -  to  integral  equation  technique.  Cascaded  diffraction  grating  often  is  a  resonance 
element  of  such  equipment.  Effects  of  resonance  interaction  of  electromagnetic  waves  with  such  grating  are 
known.  But  electromagnetic  wave  diffraction  by  cascaded  grating  with  shape  close  to  an  open  jrfanar  wavegm 
is  not  widely  presented  in  papers  yet.  This  paper  is  devoted  to  the  last  case. 

Consider  multielement  d-periodic  grating  in  homogeneous  isotropic  media  with  wave  number  ;if.  Ctae 
period  of  the  grating  may  contain  N  cylindrical  peifecfly  conducting  screens  with  generatrices  paralld  to  Oz 
axis.  Cross-sections  of  the  saeens  by  xOy  plane  are  open  smooth  Lyapunov-^^  contours  It,  A:  =  1, AT.  The 
grating  is  irradiated  by  a  unit-amplitude  plane  electromagnetic  wave  with  exp[-/iot]  time  dependence  incident 
at  p  anglR  to  Oz  axis.  Such  problem  is  reducible  to  Helmholtz  equation  solution  which  satisfies  the  following 
conditions;  of  Dirichlet  (£-polarization)  or  Neumann  (i?-polarization)  on  the  arcs  It,  k  =  1,A ,  of  Meixner-t^ 
near  the  sacens'  ribs  (It  arc  end-points);  of  absence  of  wave  propagating  from  infinity  (except  the  exciting 

one).  Consider  only  the  H-case  now.  .  . 

The  diffracted  field  is  sought  for  as  a  double-layer  potential.  Using  Floquet  periodic  condition  a  Green 

function  of  such  periodic  problem  is  obtained 

G(4,z)  =  -^r(xrfc)  +  -  (D 

4  4 

«;t0 


rt  =|/rzl,  h=m=x,is,)+iyAsk\  s,  -  arc  abscissa  of  contour  It,  z=x+iy  -  complex  view-point  coordinate, 

w  -  period  number.  . 

The  evaluation  of  function  (1)  requires  convolution  of  weakly  convergent  senes.  The  senes  in  (1)  are 

diverting  in  grazing  points  and  direct  convolution  of  the  series  is  unjustified.  That  is  why  the  known  [1] 
integral  presentation  of  Hankel  function  and  the  future  special  integral’s  contour  deformation  is  used  [2,3J 
which  lead  to: 


hi. 


1 


1  f  _ 1 _ 


(2) 
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\  3{l} 

\ 

‘-i  ^ 

1.  9i{{} 

Fig.  1.  Account  for  existing  of  poles 

Fig.  2.  Cascaded  grating  with  two  curvilinear 
screens  on  the  period. 


Calculation  of  integrals  (2)  requires  accounting  for  a  logarithniic  singularity  in  functions  Si(4r) 

(f* + d,  z)). 


To  reduce  the  computation  time  essentially  for  Sommerfeld-type  integral  calculations  when  repeated 

many  times  a  Lagrange-type  interpolation  polynomial  of  several  variables  is  constructed  [4]. 

To  provide  estimation  of  fimction  G(t.z)  at  infinity  it  is  necessary  to  change  contour  r„  like  in  Fig.  1 
accounting  for  poles  on  real  axis  Ox.  Accounting  for  residues  from  them  derives  to: 


G”  y 

2ldJ-„_ 


COS*(P,/«) 


cos*(P,/n)  = 


,  3{cos*  (p,»i)}sO,  sin*(p,»j) 


— m+sinp 

%d 


Angle  0  is  established  under  condition  of  the  fastest  decaying  of  the  integrand  function.  Then,  the  field  at 
infinity  may  be  obtained  as  [5] 


X  (exp[/x(±  3{z-rj.}cosP  +  5R{z-f;t}sm  p)])£fr  ^ 

To  receive  the  solution  of  the  problem  construct  the  integral  equation  system  by  satisfying  the 
conditions  on  the  contours  Lkk  =  XN.  The  systems  are  solved  by  the  mechanical  quadrature  method  [3]. 

As  an  example,  consider  the  case  when  one  grating’s  period  contains  two  screens.  Contours  h  are 
parabolic  arcs  with  end-points  a+i7(A:-l)  and  vertexes  -ibMlik-l)  (Fig.  2).  Parametric  arc’s  equations  in  complex 
plane  z=^xMy  look  like 

+  x  =  [-l;l],s  =  V«,A:  =  1,2  (5) 

where  /  is  distance  between  screens.  The  wave  number  x  is  postulated  to  be  real.  Such  cascaded  grating  may  be 


considered  as  an  open  waveguide. 

Fig.  3  presents  behaviour  of  reflection  coefBcient  [5] 

R  =  W{z\  •  exp[-  /x(3Mcos  P  +  3l{z}sin  p)] 


depending  on  11^/  and  P  (incident  angle  influence).  Here  we  assume  that  d=nll  o=d/2,  and  HLi=lll2=0.0.  The 
grating  is  irradiated  by  /(-polarized  plane  wave.  In  the  case  of  l=0.35d  the  grating  is  nearly  transparent.  The 
inctyffsing  of  /  leads  to  increasing  of/?.  The  reflection  minimum  migrates  to  the  larger  /  values  correspondingly 

with  the  incident  angle  increasing.  ,  u  • 

Figs.  4,6  present  behaviour  of  reflection  coefficient  of  the  same  grating  but  the  screens  camber  is 

nonzero.  Here  we  assume  that  d=fd2,  a=dl2,  lll.i=lIl.2=0-25  at  Fig.  4  and  Ilti=-1IL2=0.25  at  Fig.  6.  In  general 
the  influence  of  screens’  camber  leads  to  the  smoothing  of  the  grating’s  reflects  coefficient  (Fig.  4)  and  to  the 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


MMET’98  Proceedings 


197 


increasing  of  the  incident  angle  influence  (Fig.  6).  The  reflection  minimum  shifts  from  l=035d  at  Fig.  3  to 
1=0 AOd  at  Fig.  4  and  1=0  A5d  at  Fig.  6.  So,  with  the  hi^  screens’  camber  the  considered  wavegmde  seeim  to  be 
wider.  It  is  also  worth  to  mention  the  increasing  of  the  reflection  coefficient  at  the  incidence  an^es  (P>^  ^  . 

Fig  5  presents  the  “incidence  angle  -  screens’  camber”  dependencies  of  the  reflection  coefficient  of 
the  same  grating.  Here  we  assume  that  d=rd2,  a=dl2,  h0.35\d  (the  case  of  the  reflection  minima  at  Fig. 

As  a  conclusion  of  the  paper  one  can  say  that  the  integral  representation  of  i«nodic  Green  function 
that  presented  here  allowed  increasing  noticeably  the  calculation  accuracy.  The  appliration  of  interpol^on 
polynomial  to  Green  function  approximation  significantly  decreased  the  amount  of  that  calc^ations  That 
allows  to  construct  efficient  from  a  computer-resource  point  view  algorithm  of  solution  of  s^ar  problem  of 
plane  electromagnetic  wave  diffraction  on  a  multielement  grating  consisting  from  arbitrary-profiled  screens  and 
to  provide  an  accurate  numerical  analysis  of  its  scattering  features  in  the  resonance  range. 


Fig.  3.  Reflection  coefficient  of  a  two-layered 


Fig.  5.  Reflection  coefficient  of  a  two-layered 
curvilinear  grating  (7=0.35  Id) 


Fig.  4.  Reflection  coefficient  of  a  two-l^ered 
curvilinear  grating  (IILi=llL2=0.25). 


Fig.  6.  Reflection  coefficient  of  a  two-layered 
curvilinear  grating  (Ill.i=-1IL2=0.25). 
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Analysis  of  the  scattered  field  from  the  grating  of  resistive  dipoles 


J.  Ziemelis,  P.  Chertov 
Riga  Technical  University 


Abstract-Microwire  gratings  may  be  used  as  a  component  of  absorbing  structures,  so  ifs  important 
to  study  different  gratings  consisting  of  resistive  materials.  Scattering  of  electromagnetic  waves  from 
a  two-dimensional  regular  grating  is  investigated.  The  microwires  are  coated  with  a  glass  sheath.  It 
effects  little  on  electromagnetic  properties  but  may  effect  pretty  much  on  the  process  of  heat  exchange 
in  strong  electromagnetic  fields. 

A  simulation  methodology  with  reference  of  different  parameters  of  gratings  is  worked  out. 
Also,  a  degree  of  microwire  heating  is  estimated  with  different  intensities  of  the  incident  field. 

Resistive  microwires  are  thin  cylinders  with  diameter  over  a  range  from  some  tenth  of  a 
micron  to  some  microns.  The  cylinder  consists  of  an  amorphous  material  and  coated  with  a  glass 
sheath  [1].  Microwires  properties  are  specified  by  a  value  of  the  resistance  per  unit  length,  which  may 
vary  over  a  wide  range.  Such  microwires  may  be  used  as  a  component  of  absorbing  structures  [2]. 
While  the  analysis  methodology  of  infinite  gratings  is  well  known  [3],  few  works  concern  gratings 
with  elements  of  finite  size  and  specific  resistive  properties.  A  method  of  computer  simulation  for  the 
analysis  of  the  field  scattered  from  gratings  with  different  parameters  is  to  be  worked  out. 


Fig.  1. 


The  analysed  grating  [Fig.  1]  consists  of  dipoles  of  equal  length  L  which  are  parallel  to  z-axis. 
Let  b  denote  the  grating's  period  along  2-axis  and  /  -  along  y-axis.  The  dipoles  are  labeled  with  indexes 
m  (along  z-axis)  and  n  (along  j-axis).  The  dipole  with  zero  index  is  located  in  the  origin  of 
coordinates. 

For  simplicity,  the  case  of  normal  incidence  is  considered.  Solution  of  the  electric  field 
integral  equation  (EFIE)  is  done  by  the  Method  of  Moments.  Electric  field  is  a  result  from  incident 
and  scattered  field  intensities.  Scattered  field  intensity  is  excited  by  the  current  in  microwires. 

Jeh=\hh-dS  =  im\{s-So)-E-dS 

5  S 

Vector  potential  of  the  scattered  field  is  a  result  from  all  dipole  currents.  Due  to  a  veiy  small  cross- 
section  and  conductivity  of  the  microwires,  current  density  in  the  cross-section  could  be  assumed 
constant ,  thus  simplifying  solutions  of  the  vector  potential; 

CO  00 

n=~co  m=”00 


f  fh>2  *  ^ 


-iha-. 


(1) 
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where  -  s -m-bf  -  n-lf  +x^  . 

Scattered  field  intensities: 

E  =  — - —  ik^  +  grad div]U;  H-rotU. 

ICOSq  '  ' 

The  current  distribution  is  found  in  the  form  of  the  Fourier  series 

v=l  \  L  ^ 

The  expansion  coefficients  we  get  by  writing  equations  on  the  surface  of  the  microwire; 


Z-^p,-sm[  —  \=EQ,+- -  *  +-7T  L/’v  Z  Z  JtT“ 

v=l  \  L  J  IWEq  \  y  v=i  n=-oo  m=-«i  q 


■  I  ]  , 

■  sm -  •  as 

y  L  J 


where  Z  is  the  impedance  per  unit  length  of  the  microwire  and  -  incident  field  intensity. 

Using  orthogonality  of  the  trigonometric  fiinctions,  fi:om  (3) ,  we  obtain  system  of  equations 
determining  current’s  coefficients.  Also,  using  integral  relation 


and  Poisson’s  summation  formula,  Fourier  series  sum  and  majority  of  the  integrals  principal  values 
we  can  write  analytically. 

We  used  magnetic  field  to  obtain  scattered  field  in  the  far  zone.  Components  of  the  magnetic  field 
produced  by  this  current  (the  scattered  field  from  the  dipole  with  indexes  m,  n) 


d  ^  exp(-iA:a.„)  g  \  ex^-ika„„) 

H.nn,  =-f  - -^-ds  =-  — J - -^-ds 


X.  nm  y-s  1  fKv  z 

^yo 

The  total  scattered  field 


n  =  -00  Tn  =  -00 


-00  m  =  -00 


Since  the  argrunent  of  the  exponential  fiinction  may  be  substituted  with  square  root  approximation  in 
the  far  zone  integrals  in  (4)  may  be  expressed  in  terms  of  the  Fresnel  integrals.  In  case  of 

great  distances  to  the  view  point  \m-b\»L,  the  results  may  be  expressed  in  terms  of  elementary 
functions.  Performing  integration  in  (4),  for  the  harmonic  of  the  current  with  number  v 

Kn.  =  ,  "h  ■^x^\-ikL-{m-b-z)lA„J^ 

Al„-{n-vlL)  -k^-{mb-z)  ^ 


where  A^„=-^{z-m-bf  +{y~n‘ if  +  . 

Differentiating  the  obtained  expressions,  one  may  show  that  the  double  serieses  converge  according  to 
the  Caushy  integral  criterion. 

Simiming  the  double  series  with  respect  ofm,  a  sum  over  n  is  derived  with  its  module 
decreasing  as  Observing  changes  of  arguments  of  complex  terms,  it's  possible  to  evaluate  the 
result  of  summation.  Since  the  magnetic  field  in  the  far  zone  almost  completely  formed  by  its 
transversal  component,  the  electric  field  intensity  may  be  found  from  corresponding  expressions  for  a 
plane  wave. 

The  simulation  were  carried  out  with  following  parameters  of  microwires:  radius  5[pm], 
resistance  per  unit  length  Rp=l  [kO/cm]  and  intensity  of  the  incident  field  £’o=l  [V/m],  In  order  to 
compare  results,  those  values  were  taken  for  the  length  of  the  dipoles  L=l  [cm]  and  wavelength 
A=3[cm].  For  convenience,  the  origin  of  coordinates  is  shifted  to  the  lower  end  of  the  dipole  labeled 
m=0,  n=0. 
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Numerical  results: 


l.i=1.5[cm],  /=2[cm].  The  view  point  coordinates  jiF=100[cm],  >^0[cm],  z=0.5[cm].  Evaluated 
intensity  of  the  scattered  field  £j=2.8032-exp(i-0. 18227)[mV/m]. 

2.6=1. 5[cm],  /=2[cm],  A^l[m], T=0[cm],  z=0[cm],  iE’5=2.8035-exp(i-0.18223)[mV/m]. 

3.6=1.5[cm],  /^=2[cm],  A:=10[m],  7=0[cm],  z=0.5[cm],  £'5=2.7981-exp(i-0.18178)[mV/m]. 

4.6=1. 5[cm],  1=0. 1  [cm],  jc=100[cm],  y=0[cm],  z=0.5[cm],  £^=22. 172-exp(i-0.74566)[mV/m]. 

Estimating  approximate  value  of  absorbed  power,  mutual  resistance  of  dipoles  in  the  grating 
isn't  taken  into  consideration.  For  cylindrical  conductors  their  impedance  per  unit  length  is 

4(V) - 1_ 

'  X 


k^r 

2 


Jiikir)  n-r^-Uy 

With  this  approximation  the  absorbed  power  is 


.f~K 

V  ^'^0 


P  =  0.5-l\l(sf-Re(Z)-ds 


which  includes  the  active  power  of  radiation.  Therefore,  the  radiation  resistance  should  be  subtracted 
from  Re(Z)  evaluating  the  power  of  losses.  In  the  simplest  way  its  value  may  be  estimated  by 
comparing  with  radiation  resistance  of  the  Hertz  dipole  (87.7  [Q]).  In  our  case,  it  is  small  part  of  the 
resistance  and  may  be  neglected  in  the  first  approximation. 

Outside  radius  of  the  glass  coating  r2=10[m].  Estimating  the  process  of  heat  exchange,  we 
assume  that  the  temperature  doesn't  increase  outside  the  glass  sheath.  In  that  case,  the  amount  of  heat 
emitted  by  the  conductor  is  equal  to  the  amount  of  heat  emitted  outside  the  glass  coating.  Its  thermal 
conductivity  =1.13[W/m  grad].  Heat  amount  emitted  per  unit  time  outside  the  glass  coating  in  the 
stationary  case  must  be  set  equal  to  absorbed  power 


2.a--7-£-(7i-7’o) 

ln(r2/r) 


(6) 


Expression  (6)  allows  us  to  find  the  temperature  of  the  dipoles  and  change  the  value  of  their  resistance 
per  unit  length  if  necessary.  For  E(^l  [kV/m],  the  value  of  absorbed  power  P=0.25[mW],  that  changes 
the  temperature  of  the  dipoles  approximately  for  AT=2A-\0'^.  However,  with  intensities  of  the 
incident  field  higher  than  1  [kV/m],  behaviour  of  the  impedance  per  unit  length  becomes  non-linear 
and  other  methods  are  needed  considering  this  problem. 

Conclusions.  Values  of  the  magnetic  field  intensities  calculated  for  different  x  and  z  indicates 
that  the  shape  of  the  scattered  field  corresponds  to  a  plane  wave.  For  sparse  gratings,  intensity  of  the 
scattered  field  as  well  as  the  reflection  coefficient  of  plane  waves  are  negligible.  For  dense  gratings 
(/=l[mm]),  intensity  of  the  scattered  field  increases  considerably.  Thus,  microwires  are  effective 
scatterers  with  little  space  filling.  The  idea  of  warming  dipoles  up  with  medium  intensities  of  the 
incident  field  is  groundless. 
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Abstvact.  The  energy  balance  criterion  is  the  most  widely  used  tool  for  verification  of  diflfraction 
computations.  Two  examples  are  given,  in  which  numerical  methods  imply  that  the  criterion 
is  fulfilled  exactly,  but  results  are  incorrect:  in  the  first  case  due  to  problem’s  parameters  lying 
beyond  the  region  of  the  method’s  validity,  in  the  second  case  due  to  a  programming  error. 

1.  Introduction.  There  exist  many  methods  for  solving  electromagnetic  diffraction 
problems,  in  particular,  grating  problems  (see  e.g.  [1,2]),  but  very  few  ways  to  confirm  the 
correctness  of  numerical  results.  In  the  author’s  opinion,  the  following  three  approachs 
have  a  good  reputation  and  may  be  recommended: 

(1)  varying  the  algorithm’s  parameter(s)  like  a  stepsize  until  the  results  stabilize; 

(2)  comparison  of  results  obtained  by  independent  methods; 

(3)  for  conservative  problems  —  checking  the  energy  balance. 

See  [3]  for  critique  of  some  other  verification  methods. 

Methods  (1)  and  (2)  require  a  series  of  (at  least  two)  calculations  for  the  same  prob¬ 
lem.  Besides,  (1)  meets  practical  difficulties  for  certain  diffraction  grating  algorithms 
realized  with  the  limited-precision  arithmetics.  For  example,  in  the  Rayleigh  point¬ 
matching  method,  decreasing  the  stepsize  leads  to  a  poor-conditioned  matrix. 

Consequently,  the  energy  balance  criterion,  if  applicable,  is  widely  used  to  determine 
the  validity  and  to  evaluate  the  precision  of  a  solution  directly. 

Usually  one  assumes  a  real  number  to  be  the  criterion’s  output.  That  number  is, 
however,  just  one  of  the  diagonal  entries  of  a  quadratic  complex  matrix  S’^S,  where  S 
is  the  scattering  matrix  [2].  It  is  useful  (especially  in  test  computations)  to  have  the 
whole  matrix  S*S  computed  and  to  compare  it  to  the  identity  matrix.  In  case  of  the 
S-matrix’s  size  greater  than  1,  this  approach  increases  the  probability  of  error  detection 
—  or  the  confidence  in  the  correctness  of  results. 

The  energy  balance  (or  the  unitarity)  criterion  is  a  helpful  and,  in  general,  a  reliable 
tool.  However,  in  this  paper  we  draw  the  reader’s  attension  to  possible  misleading 
conclusions  that  may  be  caused  by  a  blind  belief  in  this  criterion. 

In  our  first  example  we  deal  with  the  Rayleigh  point-matching  method.  This  method 
has  well-known,  theoretically  argued  bounds  of  applicability  [l],[3].  We  show,  however, 
that  the  numerical  scheme  inherently  satisfies  the  energy  balance  criterion  in  case  of  nor¬ 
mal  incidence  of  a  long  wave,  no  matter  what  is  the  profile  height  and  the  stepsize.  The 
second  example,  from  the  programming  practice  [4],  concerns  a  hard-to-detect  program 
bug.  Despite  of  the  bug,  the  calculation  demonstrates  the  convergence  and  exactly  sat¬ 
isfies  the  unitarity  criterion.  In  both  examples  we  avoid  complications  and  consider  the 
simplest  versions  of  scattering  problems:  scalar  fields,  2D  geometry,  Dirichlet’s  boundary 
conditions. 

2.  Notation  and  Problems.  Put  the  grating  period  d  =  2t:,  angle  of  incidence  6, 
wave  number  k.  Coordinates:  x  (along  the  grating),  z  (upright).  The  field  U{x,z)  is 
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considered  above  the  grating  (Reflection  Problems,  abbr.  RP)  or  above  and  under  the 
grating  (Reflection-Refraction  Problems,  abbr.  RRP).  It  satisfies  the  Helmholz  equa¬ 
tion  MJ  -f-  k'^U  =  0  outside  the  grating.  For  RP,  =  const  above  the  grating;  for 
RRP,  we  have  two  different  constants  k"^  and  P,  above  and  under  the  grating.  A 
problem  formulation  includes:  a  boundary  condition,  the  quasiperiodicity  condition 
U{x-\-d,z)  =  U{x,z)e^,  0!  =  sin0,  and  the  radiation  condition,  which  we  replace 
by  a  direct  definition  of  the  scattering  matrix.  In  our  examples  boundary  conditions  are 
the  Diridilet  conditions  at  the  grating  surface:  for  RP,  [7  =  0;  for  RRP.  U  and  dU / dn 
to  be  continuous. 

Denote,  forn  e  Z:  a„  =  a  +  n,  V  =  {n£Z  :  |o:„|  <  A:},  £  =  Z\'P.  {V  stands  for 
propagating  waves,  £  for  evanescent  waves).  Next,  =  {k^  —  square  root  sign 

rule:  /?„  >  0  for  n  G  P,  Im/?„  >  0  forra  G  £.  For  RRP,  we  introduce,  in  addition,  the 
notation  V,  £  and  corresponding  to  k. 

Scattering  matrix  —  RP.  The  field  above  the  top  of  grating  consists  of  incident  (-), 
reflected  (-I-)  and  evascenent  (0)  waves: 

U {x,  z)  =  exp{ianx  ±  ipnz)  -t-  ^  exp(iana;  -  |/?„z|). 

{l)Thereexistsaone  —  to  —  onelinearcorrespondencebetweenthesetsofcoefficients 
{A^}  and  {4"^}: 

{2)ComplexnuTnbers 

S„TO  constitute  the  scattering  matrix.  It  is  the  goal  of  a  computation. 

Scattering  matrix  —  RRP.  In  addition  to  the  latter  paragraph,  the  structure  of  the 
field  under  the  bottom  of  grating  is  described  by  Eq.  (1)  with  tilded  notation: 

V,  £,  Pn-  Now  4”^  are  the  amplitudes  of  refracted  waves,  4^^  amplitudes  of  the 
waves  incident  from  below.  The  reflection  matrix  R  and  the  transmittion  matrix  T  relate 
the  coefficient  sets  {4”^}>  {4^^}  {4~^}  under  the  condition  4^^  =  0,  n  G  P: 

/5-1/24+)  =  nep, 

4-V24-)  =  neV. 

To  define  the  reflection  R  and  transmittion  T  matrices  w.r.t.  incidence  from  below  the 
grating,  one  exchanges  the  symbols  with  and  without  tildes.  The  whole  scattering  matrix 
consists  of  four  blocks  iZ,  T,  R,  T. 

3.  Example  1:  Faked  imitarity  in  Rayleigh’s  point  matching  method.  Recall 
the  simplest  version  of  the  Rayleigh  method  for  solving  the  Reflection  Problem. =20 
The  expansion  (1)  is  supposed  to  be  valid  up  to  the  boimdary.  The  infinite  series  over 
n  G  5  is  truncated  at  n  =  ±.N',  points  {xj,Zj)  on  the  boundary  are  chosen.  Given 
coefficients  the  system  of  linear  equations  U{xj,  Zj)  =  0  is  solved  w.r.to  unknowns 

im.  w”'}- 

Consider  a  normally  incident  long  wave:  A:  <  1.  Only  one  diffraction  order  exists, 
and  the  scattering  matrix  reduces  to  the  complex  number  5oo  =  4''V44 
Theorem.  Let  k  <  \  and  a  =  0  Then  the  Rayleigh  method  with  symmetric  truncation 
always  brings  to  a  unitary  scattering  amplitude  |5ooj  =  1. 

Proof.  Consider  matrices  A  —  {ajn)  and  A  =  (a'„)  defined  by 

Cjn  =  exp{ianXj  +  iPnZj),  -N  <j,n<  N, 

O'jn  =  “jn  (n  ^  0),  a^o  -  -  exp(ianXj  -  ifloZj),  -N  <j<  N. 
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By  Kramer’s  rule,  Soo  =  ^ .  c  i  ;  /%f  fV,© 

Denote  by  B  the  (2iV + 1)  X  2iV  matrix  obtained  from  A  by  means  of  exclusion  ot 

O-th  column.  The  mirror  permutation  (n  ^  -n)  of  the  colu^s  of  the  matrix  B  gives 

us  the  matrix  B.  Since  a  =  0,  we  have  an  =  n,  Consequently,  “Jj-" 

(1  <  n  <  iV),  and  B  =  B  (bar  stands  for  complex  conjugation).  Hen^.  aU  of  (2^  +  1) 

minors  Mn  of  order  2N  of  the  matrix  B  possess  the  property  M„  -  (-1)  M„,  i.e.  Mn 

are  either  all  real  or  purely  imaginary.  Now, 


detA=  ^  (-l)”exp(«/3o^)Mn, 

-N<n<N 


deti4'  =  -  £  (-l)"exp(-i/5o^:n)M„ 

-N<n<iV 


Since  all  Mn  have  the  same  complex  arguments,  we  obtam  |  detA\  "  , 

4.  Example  2:  Fkked  unitarity  in  a  wrong  realization  of  the  diflFerential 
method.  The  differential  method  [1]  for  the  Reflection-Refraction  problem  consists  m 
the  following.  The  field  is  expanded  in  quasi-periodic  Fourier  series 

U{x,  =  Un{z)  expiionx). 

Using  the  Helmholz  equation  and  the  boundary  condition,  an  infinite  system  of  second 
order  ordinary  differential  equations  w.r.t.  the  functions  is  denved.  The  system 

is  truncated  at  n  =  ±N.  Then  one  subsequently  assigns  the  Cauchy  data  mder  the 
bottom  of  the  grating  corresponding  to  sole  refracted  and  evanescent  waves  (but  not  to 
the  waves  incident  from  below)  and  solves  the  ODE  system  to  the  grating. 

So,  for  2  «:  0  we  have:  Un{z)  =  Snj  ex.p{0jz)  for  j  €  V',  Un{z)  -  Snj  ^p{\Pj\z)  ^ov  3  E  . 
For  the  j-th  set  of  data,  we  obtain  as  2:  >  0: 

Uniz)  =  M+  exp(i^j2:)  +  M"  exp(-*/3,-2:). 

Prom=20the  matrices  Af+  and  M"  we  derive  the  reflection  matrix  B:  it  is  the  submato 
of  whose  column  and  row  indices  belong  to  the  set  T.  Other  blocks  of  e 

scattering  matrix  are  calculated  similarly.  r  .  4.u 

Now,  what  happened  once  to  a  computer  progr^.  Because  of  a  typing  error,  the 

Cauchy  data  corresponding  to  the  exponents  j  €  9,  were  replaced  by  the 

data  corresponding  to  the  real  exponents  exp{^,'^).  Matrices  M+  and  M  appeared  to 
be  complex  conjugate,  and  the  matrix  R  was  always  unitary,  that  was  considered  ^ 
an  excellent  result  in  the  case  of  total  internal  reflection.  However,  the  umtanty  of  the 
B-matrix  was  unexpectedly  observed  beyond  that  case  as  well.  It  ultimately  made  the 
programmer  to  seek  an  error.  a  .ri 
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CLASSIFICATION  OF  WAVE  INSTABILITIES  PRODUCED 
BY  INTERACTION  OF  GRATING  MODES 

Yu.  Terentiev 

Radiophysics  Department,  Dnepropetrovsk  State  University, 

Dnepropetrovsk  320625,  Ukraine 

Phone:  +380-562-43-36-30,  e-mail:  wtovtov(a).apl. net-rff.dsu.dp. ua 

Here  we  present  the  criteria  and  the  main  results  of  the  wave  instability  studies  in  a 
phase  grating  containing  space  garmonic  set.  It  is  now  generally  accepted  that  all  instabilities 
may  be  reduced  to  those  of  Bragg’s  kind.  The  Bragg’s  corellations  pertain,  however,  barely  to 
special  case  periodical  system.  Now  we  assume  that  the  dielectric  permittivity  tares  the 

grating  form 

f (jc)  =  £•{!  +  hg{x)} ;  h«l,  (1) 

where 

M 

g{x)=tl^>cos{k,x).  (2) 

/=! 

Any  common  relations  between  are  assumed. 

Consider  the  appropriate  differential  equation 

U’'{x)+a{]+hg{x)]u{x)  =  0.  (3) 

We  expand  the  acceptable  solution  U{pc)  in  a  power  series  in  h 

(/W=|;vc/,W.  (4) 

/=0 

A  similar  presentation  we  apply  to  a{h) : 

a(x)  =  .  (5) 

(=0 

by  substitution,  differential  equation  takes  the  form  of  an  infinite  set  of  differential  equations. 
The  left-hand  side  of  any  equation  has  a  simple  form: 

LU=U”  +  a,U.  (6) 

Combining  (3),  (4),  (5),  we  obtain 

U",+a,U,=0 

U['+a^U^  =-gaoU^-a^U^ 

Uj  +0^1} 2  -~gPoC^2 


U"  +  a,U„  =-g^a,U„_,_^ 

/=!  >1 

The  presence  of  divergence,  i.e.  resonance  terms  in  the  right-hand  side  of  the  n-th  order  linear 
equation,  in  this  set  is  accounted  for  by  the  parametric  wave  instability.  The  order  of 
instability  will  be  depending  upon  the  order  of  the  linear  equation. 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


205 


MMET’98  Proceedings 

For  any  chosen  value  we  solve  the  set  of  equation  by  integratiop. 
Removing  the  secular  member  at  the  n-th  order  we  get  the  pair  a„  ,  a„ 


The  center  of  the  instability  band  is  settled  near 

iJo «  . 

For  the  band  of  the  instability  we  obtain 

In  the  most  mere  situation  condition  of  instabili^  has  the  following  form. 

2k,4l  =  \K-k\-.  Ur\X.M  (“J 

So,  this  instability  is  fomted  by  the  difference  of  grating  modes.  Sum  of  grating  modes  forms 
the  instability  ,  ~  112 

The  width  of  the  band  AA:  can  be  written  as 

Ak^  =  h-qCj. 

For  the  even  order  such  an  instability  takes  the  lorm  „  nj 

Ik^sfs  =  n\ki  +  kj\;  m=1,2...  ;  i,j=\,2...M 

Ak^h^". 

For  the  simple  instabilities  at  odd  order  we  got  the  condition; 

2k^4^  =  \2k,-kj\;  iJ=U2..M 

and,  respectively,  ,  ,,  w  n 

2k^^  =  \2k,  +  k\;  i,rl,2..M 


where 


Ak  =  h'CjCf. 


we  have  carried  out  similar  calculations  in  the  band  of  inability.  Suitable  unknown  function 
1/W  is  defined  as  v{x)^V{xr.  PO) 

where  q  is  expanded  in  a  power  series  in  h 

AhhpP:- 

As  above  we  may  calculate  the  solution  by  »f '“f  ™  letween 

Tn  summary,  the  existence  on  instabilities  is  cue  lo  uucia 

electromagnetic  wave  and  phase  grating  modes.  Periodicity  of  grating,  t.e.  «W  function 

with  -"Ode' 

understanding  of  wave  instabilities. 
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DIFFRACTION  OF  PLANE  WAVE  ON  DIELECTRIC  GROOVE 

Katerina  Yu.  Kramarenko,  Nikolay  A.  Khizhnyak 

Chair  of  Applied  Electrodynamics,  Kharkov  ^ate  University,  Svohodysq.  4 

Kharkov  3  J 0077,  Ukraine 

Consider  a  diffraction  of  a  plane  wave  on  dielectric  groove  by  the  method,  which  was 
used,  for  example,  in  [1,2]  for  theoretical  study  of  similar  problems  (Fig.  1). 


We  divide  the  whole  domain  into  two  sub-domains:  I  -  z<0,  z>h  i.  e.  ,  uniform 
medium;  n  -  0<z<h  a  dielectric  layer  with  periodically  varying  dielectric  constant.  For  the 
perpendicular  (transverse  magnetic,  TM-  mode)  polarization  assumed  here,  the  tangential 
components  of  the  electric  and  magnetic  fields  below  the  groove  (z<0)  are  given,  respectively, 
by 


^  «=-00  It 


(1) 


(2) 


where  //”  is  the  amplitude  of  the  incident  wave  and  =  k®  sin^ + {2m  I  L),cl  =  (k®)^  -  . 

Time  dependence  exp(ifirf)  is  assumed  and  suppressed. 

The  reflected  field  is  represented  as  a  sum  of  Floquet  harmonics.  The  terms  Ao  in  (1) 
and  (2)  denote  the  amplitudes  of  the  diffracted  wave  Floquet  harmonics  of  the  reflected  field, 
while  9  is  the  incidence  angle  and  k®  =  0(/r5£'g)'^^with  e^and  ^  being  the  permittivity  and 
permeability  of  the  air,  respectively. 

The  transmitted  field  above  the  grating  (z>h)  is  similarly  given  by 
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£x= 


Hy=  £4 


-i(s^+d„{z-h)) 


»=-ao 

.  j2  _  /I,0\2  «2 


where  dl-ik'^Ys-sl. 

In  the  periodic  layer  (0<z<h),  the  field  is  represented  as  a  sum  of  the  groove  modes. 

^  f  1  Tr  r  N  I  ^  1  rr  /„\  1/^  p~iKn^  ^  P  (6) 

where  Actions  17,  (x)  and  U^ix)  are  the  fundamental  solutions  of  the  equation 

„rj^\AJ-l-^£^  +  ((k‘^fe(x)~kl)D^  =  0  with  the  corresponding  boundary  conditions 

^  ^rfxU(x)  dx) 


Values  of  k„,  are  assumed  to  be  known  for  any  given  combination  of  e,/,  and  I,  These 

quantities  are  found  by  solving  an  eigenvalue  probta  to  the  j" 

medium,  by  following,  for  example,  the  analysis  in  [3],  The  values  of  k„  are  the  comp 

of  the  dispersion  equation; 
coss„L=  cospJ^  COSP2I2  -  2 

where  pl={ky-klp\  =(kye-kl  An  infinite  number  of  5„  corresponds  to  each 

value  of  (5„L  is  the  phase  shift  of  the  waves  during  the  period). 

To  determine  the  scattered  ampUtudes  and  the  modal  amplitudes  F^,C^  we 

impose  continuity  conditions  for  and  H,,  at  z  =  0  and  z  =  A . 

(8) 

+  A  “  Z  A»i(Qi  Ai) 
k^H^Son  -  c„ 4,  =  £  SijijniCm  -  A«) 

W=~ao 

^  m==-<xi 

where.  S;ra  =  7|[  ]e)ip(is„x)dti 

^  =in  7‘^tW+^ 


1  du^(P) 


=  0,«3(0)  =  0, 


1  diijCO) 
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Equations  (8)-(ll)  can  be  solved  for  the  unknowns  and  by  truncating  the 

infinite  sums.  The  resulting  set  of  linear  equations  can  be  manipulated  by  various  standard 
methods. 

Consider  the  electromagnetic  field  under  the  groove.  It  consists  of  the  incident  and  the 
reflected  fields.  The  behaviour  of  the  reflected  field  depends  on  the  harmonic  amplitudes  and 
the  propagating  constants.  There  are  a  few  real  values  of  and  an  infinite  number  of 
imaginary  ones.  The  imaginary  values  of  c„  correspond  to  the  guided  waves  propagating  along 

the  X  axes  with  the  amplitudes  vanishing  along  z  as  .  The  waves  propagating  constants 
along  x-axes  more  than  the  propagating  constant  of  the  incident  wave. 

If^  Ej  only  Co  -  sin^  $  is  real,  and  only  one  mode  in  second  sub-domain 


If  A  »  L,  only  Cq  =  1  -  sin  $  is  real,  and  only  one  mode  in  second  sul 

A 

has  the  real  wavenumber  ^ ^ 

ratio  of  the  reflected  wave  amplitude  to  the  incident  wave  amplitude  is  the  following: 
k 

2500500  ^cosAo/t  +  2i5^o 

^  _  I  _ _  _ 

o  c/  {he  ,  .  .  /o2  .  0/2  ^ 


^4  “^4 


*Sbo^oo  +  ^0  J  4  *^00  +  ^00  ^0^  j 


As  for  the  waves,  propagating  in  dielectric  (2  >h),  for  X»  L  and  e<-~  only  one 

2w  I  T~2 

propagating  constant  has  the  real  value  do  -  —yJe-sinO  ,  and  the  ratio  of  the  amplitude 

A 

of  wave  transmitted  in  dielectric  to  the  incident  wave  amplitude  is 


2S  S  ■ " 
«o 


k^e  ^  /co 


+  —Q  ccsk^h  +  i  5oo+^( 


sinAoA 


To  conserve  power,  the  sum  of  the  reflection  and  transmission  coefficients 
Tj  P  +  |p  f  equal  to  unit.  This  is  the  condition  of  truncating  the  infinite  sums  (8)- 

(11). 

Using  such  an  approach  envies  one  to  extract  the  situation  when  the  most  part  of  the 
energy  of  the  incident  field  transforms  into  the  one  guided  wave  propagating  along  the  x-axes. 


1.  Theory  and  cdculation  of  linear  accelerators.  The  collection  of  articles.  Gosatomizdat, 
Moscow,  1962. 

2.  Henry  L.Bertoni,  Li-Hsiang  S.  Cheo,  Theodor  Tamir.  Frequency-selective  reflection  and 

transmission  by  a  periodic  dielectric  layer,  IEEE  Transactions  on  antennas  and 
propagation,  V.37,  N.  1,  pp.78-83,1989. 

[3].  N.A.Khizbnyak,  K.Yu.Kramarenko,  Propagation  of  electromagnetic  waves  in  space 
periodic  structures  with  dual  periodicity.  Ukrainian  Journal  of  Physics,  N  10,  V.42, 1997, 
pp.  1256-1259 
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SCATTERING  AND  ABSORPTION  OF  A  VIDEOPULSE 
BY  A  SET  OF  ALTERNATED  LAYERS  WITH  RESISTIVE  FILMS 

Vladimir  V.  Podlozny 

Chair  of  Theoretical  Radiophysics,  Kharkov  State  University,  310077,  Kharkov,  Ukraine 

ABSTRACT 

Presented  paper  deals  with  a  videopulse  reflection  from  a  periodic  layered  structure 
with  resistive  films.  The  role  of  resistive  films  under  the  videopulse-structure  interaction  is 
described.  Influence  of  the  number  of  periodic  composite  cells  is  discussed. 

INTRODUCTION 

Layered  structures  based  on  the  ahemated  magnitodielectric  layers  with  dissipative 
elements  are  simple  in  manufacturing  and  have  wide  electromagnetic  applications.  Periodicity 
of  these  structures  permits  to  simplify  significantly  the  treatment  of  their  scattering  character¬ 
istics  [1].  An  effective  investigation  method  based  on  the  matrix  polynomial  theory  [2]  was 
presented  in  [3].  In  this  work,  a  monochromatic  wave  diffraction  problem  on  a  set  of  the  al¬ 
ternated  magnitodielectric  layers  with  resistive  films  has  been  solved.  The  solution  of  this 
problem  is  presented  as  direct  analytical  formulas  for  reflection  and  transmission  coefficients. 
These  formulas  stay  simple  for  arbitrary  number  of  the  basic  elements  and  structure  load. 
Such  a  solution  avoids  large  volume  of  calculations.  These  features  permit  us  to  employ  tWs 
method  for  numerical  investigation  of  a  videopulse  diffraction  problem  using  the  Fast  Fourier 
Transform. 


FORMULATION  OF  A  PROBLEM 

The  structure  consists  of  a  consecutive  set  of  N  identical  composite  cells  (periods).  The  half¬ 
spaces  before  and  after  the  structure  have  arbitrary  wave  conductivities  (FftTr).  The  compos¬ 
ite  cells  contain  two  dielectric  layers  of  different  width  (c/j)  (di+d2  =L),  permittivity  (ej)  and 
permeability  (jUj).  There  is  a  thin  resistive  film  of  conductivity  7(t  between  them  (Fig.l). 


rY,  ,Yc  rYa  ^Y , 
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Fig.l  Multflayered  structure. 


The  videopulse 

f  W = 0-exp(-a2  ?))/(exi^-«r  2>)-exp(~a2  r^j) 

(1) 
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is  incident  from  the  half-space  z<0.  Tf  is  the  interval  of  the  pulse  front,  the  con¬ 

stants  By  varying  a/c/,  we  can  change  the  videopulse  form  in  a  wide  range  [4].  The  question 
is:  what  kind  of  pulse  will  be  reflected  and  what  part  of  the  videopulse  energy  will  be  ab¬ 
sorbed? 


METHOD  OF  ANALYSIS  AND  NUMERICAL  RESULTS 
We  use  analytical  formula  of  the  reflection  coefficient  [3]  and  the  direct  and  inverse 
discrete  Fourier  transforms  to  calculate  the  reflected  field  in  the  following  principal  cases 

To  describe  the  role  of  resistive  films  in  videopulse  reflection,  we  shall  consider  a 
set  of  resistive  films  on  a  metal  screen  (Fig.  1,  2).  For  this  configuration,  we  assume  that  the 
common  width  of  the  structure  is  constant:  addition  to  the  structure  the  resistive  films  leads  to 

decrease  of  the  spaces  (4)  between  them.  ,  /t--  on  -n. 

For  one  film  (N=1),  the  reflected  pulse  has  three  mam  negative  peaks  (Fig.  2.).  Ihe 
first  peak  is  caused  by  resistive  film.  Its  response  time  interval  is  Ar,  «  0.66x10  sec .  This 
and  any  other  time  intervals  can  be  easily  calculated  by  using  the  following  formulas. 

Tj  =  ,  where  Atj  =  2dj^  /c ,  c  is  the  light  velocity,;  is  the  index  of  the  layer.  The 

second  peak  is  caused  by  the  metal  screen.  It  has  the  maximum  amplitude.  The  Aird  peak  is 
coming  up  after  the  double  reflection  between  the  film  and  the  metal  screen.  After  the  third 
peak,  we  can  observe  vanishing  peaks  due  to  the  film-screen  multireflections. 

For  the  five  films  (A=5)  we  obtain  a  smoothed  time  dependence  (Fig.  2.)  with  a  low 
level  of  amplitude.  Increasing  number  of  resistive  films  results  in  the  reflection,  wich  is  simi¬ 
lar  to  the  metal  screen  one.  Therefore,  we  can  note  that:  there  exists  an  optimum  number  of 
the  resistive  films,  which  provide  a  low  level  of  reflection.  Moreover,  such  a  number  of  resis¬ 
tive  films  masks  the  peak  from  metal  screen. 


Fig.  2.  Time  dependences  of  diffracted  field,  Tf=0.25*10^^(sec),  02/01  =1.0001, 
£ 0,1, 2-Mo, 1,2-1  •  di=  d2  =(0.01)/N (m),  Ycr=0.5,  Yt—>°o. 
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To  specify  the  conditions  of  the  maximum  absorption,  we  have  investigated  the  ab¬ 
sorption  dependences  from  the  number  of  resistive  films  (N)  and  their  conductivity  (To).  The 

energy  of  the  incident  and  reflected  videopulse  can  be  presented  as.  W  ^  ^  — 

where  U  are  the  elements  of  discrete  time  observation  interval,  At,  is  the  step  of  discretization. 

Then,  the  absorbed  fraction  of  energy  is:  S  =  1-  W'lW* . 

Fig.  3  shows  the  existence  of  maximum  absorption  zones  for  different  configmations 
of  the  structure.  Decreasing  the  conductivity  of  resistive  films  leads  to  a  growth  in  their  num¬ 
ber  at  the  fixed  level  of  absorption. 

These  features  of  the  structure  open  a  way  to  construct  the  high-efficient  absorbers 
and  successfully  resolve  the  problems  of  electromagnetic  compatibility  and  ecology. 


Fig.  3.  Absorption  in  the  structure,  £o,2~Mo,i,2^'^ >  di=d2-0.01  (m), 

Tf=0.5*1(X^°  (sec),  Yt  -^°o. 


CONCLUSION 

Periodic  structures  with  resistive  films  can  be  used  in  the  design  of  low-reflecting  absorbing 

coatings.  A  pulse  method  is  efficient  in  non-destructive  testing  of  such  structures. 

REFERENCES 

1.  V.  B.  Kazanskiy,  V.  V.  Podlozny,  Quasiperiodic  layered  structure  with  resistive  film. 
Electromagnetics,  pp.  131-145,  no.  2,  vol.  17, 1997. 

2.  H.  Levine,  Unidirectional  Wave  Motions,  Amsterdam,  1978. 

3.  V.  B.  Kazanskiy,  V.  V.  Podlozny,  Investigation  of  periodic  finite  structures  by  using 

Mauguin  polynomials,  Dopovidi  Akademii  Nauk  Ukrainy,  pp.86-91,  no.3,  1998  (in  Rus¬ 
sian.)  .  . 

4.  S.  A.  Masalov,  A.  O.  Puzanov,  A.  I.  Timchenko,  Non-stationary  excitation  of  layered  di¬ 
electric  structures.  Radiowaves  Propagation  in  Millimeter  and  Submillimeter  Band.,  IRE 
NAS,  Kharkov,  pp.  178- 193, 1995  (in  Russian). 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


212 


M MET 98  Proceedings 


SIMULATION  OF  CONTROLLABLE  SOLID-STATE  STRUCTURES 


V.  A.  Obukhovets,  A.  O.  Kasyanov,  S.  V.  Piven 

Taganrog  State  University  of  Radio  Engineering,  44  Nekrasovsky  st.,  Taganrog,  347928  Russia 
Phone  +7(86344)  61883.  E-mail:  decan@vao.md.su 

Abstract  -  New  class  of  controllable  reflective  type  antenna  arrays  is  considered,  made  as  inicro^p 
integrated  circuits  with  arbitrary-shape  microstrip  radiators  and  ronttolled  elements  (cry^l  diod^y 
Electromagnetic  characteristics  of  the  array  are  varied  by  tuning  the  diode  bias  yolteges.  For  a  igtol 
control  possibility,  all  microstrip  radiators  are  divided  into  several  groups  (modules).  Eadi  rnodule  c^ 
be  at  least  in  two  electromagnetic  conditions  which  are  defined  by  the  diodes  states  (open  or  closed  oneX 
The  array  controlling  is  carried  out  by  a  microprocessor.  The  digital  array  probable  slates  num^r  is 
proportional  to  the  number  of  modules  and  each  module  allowable  conditions  number.  Digital 
tion  reflect-array  has  a  set  of  microwave  radar  images  whose  changing  enables  one  to  create  so  called 

"inteUectual  covers"  capable  to  adapt  for  radar-tracking  environment.  ^  . 

The  report  is  devoted  to  theoretical  modeling  of  controllable  microstnp  arrays^  I^crostnp  ar¬ 
rays  have  many  applications  in  radomes,  frequency  selective  surfaces  and  artificial  dielectncs.  Hi^ 
price  of  arrays  and  their  complicated  experimental  research  cause  a  significant  interest  to  developmmt 
of  their  mathematical  models.  The  most  known  models  describe  the  array  m  the  radiation  m^e  whai  its 
element  excitation  is  carried  out  by  feed  source  currents.  At  the  same  time  the  questions  of  analysis  of 
microstrip  diffraction  arrays,  which  serve  as  a  basis  of  low-cost  reflective  type  antenna  ^ays  with  an 
optical  feeding  system,  remain  less  investigated.  Practical  requirements  of  microstnp  diffraction  array 
applications  alongside  with  phased  antenna  arrays  include  the  design  of  antenna  reflectOTS,  frequmcy 
and  angular  filters,  wave  converters  and  antenna  radomes,  traveling  wave  systems,  etc.  The  microstnp 
diffraction  arrays  perspective  applications  are  the  multireflector  antennas  for  space  communication 
systems,  in  which  the  microstnp  diffraction  arrays  are  used  as  the  frequency-selective  surfeces^ 

Proposed  mathematical  model  is  based  on  the  periodical  structure  concept  and  integral  equation 
system  solution.  Vector  integral  equations  are  formulated  after  the  Lorentz  lemma.  The  application  of 
periodicity  condition  has  allowed  reducing  the  solution  domain  to  one  Floquet  channel.  The  column  ma¬ 
trix  of  magnetic  current  density  components  at  the  array  aperture  {q)  ) ,  and  electrical  currents  m 

controllable  elements  have  to  be  determined  from  the  set  of  integral  equations  obtained  based 

on  the  boundary  conditions  [1]: 


e  -h  ^ 

\{K^(p„z/q)yr(q))  dS,-'!zzaJ^li;(!;)-{K^(p„2lqj,z'))  S';/®, 

L  /-.* 

where  i  =  1, 2,...,  N.  z  I  [-h;  0] ,  /i  is  the  thickness  of  the  array  substrate.  Cl  is  the  shunts  radius;  5a  is 
the  aperture  surfece.  The  kernel  of  the  integral  equation  is  a  square  matrix.  This  row-matrix  blocks 

describe  interaction  between  electrical  and  magnetic  currents.  Right-hand  parts  of  equa- 
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tions  are  formed  by  the  excitation  fields.  Several  possible  ways  of  the  microstrip  elem^  excitation  are 
considered  including  a  plane  wave  one  and  feeding  by  periodical  system  of  coaxial  probes. 

Tbe  first  equation  represents  the  condition  of  the  field  tangential  co^onents  ^ 

array  aperture.  Th%  remaining  equations  0  =  1^3,...^^)  are  Poklington’s  t>pe  ^nations  on  Ae  N 

r^ntmllable  element  surfaces  Those  elements  are  simulated  as  conducting  shunts  with  impedance  loa<k 

cnrfece  imn^ce  providing  the  digital  control  of  microstrip  array  parameters.  Every  Irad  is  conned^ 
gratii  parts  of  a  substrate.  Ibis  electromagnetic  structure  is  of  a  solid-state  constmction.  Some  ways 

array  as  reflector  and  an  offeet  feed  system.  Wider  opportunities  can  be  provided  ^ 
radiators  with  switching  diodes.  The  array  electromagnetic  characteristics  are  vaned  by  chang  g 
DW^Vra  portioned  at  «rioua  poirts  of  each  mcroatrip  den«nt  and  a» 
dMal  phase  rtters  The  amy  strolling  is  earned  opt  by  a  microprocessor.  IbK  c^llabte  n^ 
appUoation  in  microstrip  reflective  arrays  is  investigated  m  die  paper.  Such  elements  can 

applied  both  for  beam  scanning  and  for  fixed  phase  delay  «pedestal>>  , 

Besides  of  reflective  antennas,  flat  microstnp  lenses  are  investigated  m  the  paper  The  moa 
perspective  type  of  such  antennas  is  a  lens  with  electrically  controlled  radiation  patte^ 

Les  can  b^onsidered  as  media  with  electrically  changed  refi^^on  ^ 

Tits  main  disadvantage  is  the  great  number  of  diodes  used  m  the  array.  A 
51  has  no  this  disadvantage  because  the  H-shaped  microstnp  elements  are  used  m  rt.  We  ® 

lat^  this  array  scattering  characteristics  applying  the  above-mentioned  mathematic  j 
riArenf^rtive  aDolicaticHi  is  in  the  multireflector  antennas  for  space  commumcation  systems  where  micro 
are  uST'a  frequency-selective  surfeces  [6].  Such  structures  are  pronusmg  as 

twirt^Setors  Tbe  numerical  analyses  have  enabled  us  to  design  broadband  microstnp  twist 

The  experimental  measurements  of  the  array  models  have  proved  almost  complete  adequacy  betw^ 

foLr^cal  and  measured  characteristics  [7].  The  application  of  controllable 

narv  microstrip  polarizing  [8]  modulator  is  discussed.  The  physical  parameters  of  the  bimry 

ar^determined^from  the  numerical  experiments.  Besides,  many  other  types  of  ^Acial  media  J 

selective  surfeces,  "invisible"  anti-radar  covers,  chiral  cover  structures,  angular  filters  can  be  des  gn 

by  means  of  created  mathmatical  model. 

V.  A  Obukhovets,  Radiotekhnika,  1995,  no  12,  ^  593-607 

'>  A  W  D  K  Wilton  IEEE  Trans.  Antennas  Propagat.,  vol  AP-25,  1980,  pp.  SVjJ-bU/. 

3'  V  A.  *  0.  Kusyauov,  fbuu.  M  Conf  Cmm«.  Sys,«ns  W  Mems. 

aCARSM’97),  Voronezh:  VSU,  1997,  Vol.  l.p.  174-178 

4.  C.  Chekroun,  D.  Herrick,  Microwave  Journal,  1981,  vol.  24,  No.  2,  45  -  •  ^ 

6  V.  i“oSverA  a  tr^aX^Sment  ^om  of  L^^Co^cWon  and  Means, 

Wave’sead^nns,  Taganrog:  TSIBE,  no  8, 

Tk.  a  P.  Sopolev,  Polmzaac  MoAWuu,  M«uow:  Radio  i  Svyaz,  1974  (i. 

Russian). 
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LOW-FREQUENCY  ASYMPTOTICS  IN  THE  DIFFRACTION 
OF  WAVES  BY  ECHELETTE 

I.  L.  Verbitskii 

Kharkov  State  Pedagogical  University,  Kharkov,  Ukraine 
Tel:  380-(572)-47-14-92,  e-mail:  verb@reg.  kharkov.  ua 

The  subject  of  this  communication  is  the  H-polarized  plane  wave  diffraction  from  a 
symmetrical  metallic  echelette  F  whose  dimensions  are  small  comparing  to  the  wavelength 
(see  fig.  1). 


or  d 
7R^d y 


Fig.  1  i)omain  Q  with  boundary  F. 

Mathematical  formulation  of  the  problem  is  the  Helmholtz  equation  for  the  Hz 


component  of  field,  denoted  as  u: 

Au+k^u=0 

(1) 

with  the  Neumann  boundary  condition 

-  =0. 

(2) 

condition  of  quasi-periodicity  (Floquet) 

a«r 

u(x+d,y)=e^  Vx,y) , 

(3) 

condition  of  radiation  or  limiting  absorbtion  at  y-»Qo,  and  Meixner  conditions  near  the  edge 
points.  The  incident  wave  is  u^“^  =Ae'P*^“^,  where  p=ksin(p,  a=-ikcos(p,  ^  is  the 

wave  number,  <p  is  the  angle  of  incidence. 

To  solve  the  problem,  we  apply  the  Quasistatic  Green  Function  Method  developed  in 
[1].  From  this  method  it  follows  that  the  solution  of  the  general  diffraction  problem  on  the 
periodical  surface  can  be  represented  in  the  form 


where 


u  =  Ar{x,y)+  ±  CJ„ix,y)  +  Y^B„g„{x,y), 

K=:--(C  m=0 

=  -k^\d/\G{x,y,x\y'y^"’^dy', 

0  0 

0  0 

gn,i^,y)  =  -k^\dx"^G{x,y,x\y)u„{x\y')(fy\ 
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G  =  -S. 


g-mk-’ty  ^g-\Mv*ny 


is  the  quasistatic  Green’s  function,  p.=p+2nlt/d,  a.=4^l-k\  po-P,  ao=cq  C  5+ni  >s 

the  function  conformally  mapping  n  onto  the  halfplane  t\>0,  {»,(*, y))^)  “  complete 

in  D  set  of  functions.  The  coefficients  G,  and  B„  are  the  Fourier  coefficients  of  u  acwrduig 
to  fc"-'!  and  fu«(x,y))  respectively.  They  can  be  found  from  the  faj  convergent  set  of 
alieb^c  e^atos.  M  it  has  been  shown  in  p],  functions  f  „  and  f  can  be  repmsented 

in  the  form  ^  ^  _ 


111 


where 


0(y>= 


ri,y>0 

\0,y<0, 


cosh^,?7 


e 


f  Pp 

a™  an  b,,  ate  known  coefficients.  It  is  clear  from  (9)  that  if  (d/xy«l,  one  can  neglect  in  the 
first  sum  of  (4),  all  the  terms  except  Co5),  so  we  have: 

iisAr(.x,y)+C,Ux,y)*f,B.g,(x,y)  (") 

m=0 

To  simplify  the  second  sum.  we  must  at  first  choose  the  functions  ita.  I" 

quesUon  we  can  take  for  those  coming  out  from  separat.|«  “f  “ 
where  k-  nnt/y,  and  p,  <p  are  the  polar  coordinates  with  origin  O  at  (ifr2,  -h)  and  8 

the  side  of  D.  Then  for  the  small  |kp|  we  can  neglect  all  u„  except  uo,  and  take  uo 
approximation.  So  we  obtain; 

u  =  Anx,y)  +  CaMx,y)-Bok^\lG(x,y,x',y)dx'<fy'  .  (12) 


Then  equations  for  Co  and  Bo  take  the  form 

d  A  0  -D  L  ® 


S,  =  -]lAr(x,y)+CMx,y}-B,k^llGdgd)'¥<P 


where  one  most  take  p<h  in  the  second  of  equations  (13).  In  p),  the  foaowing  results  have 
been  obtained; 
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_  p-a 


^\G(x,0,x\y)e-^^dx  =  - 


o-'K  j. 


-e'^  ,  where  =  lim(^'-z),j'->Qo. 


Accordingly  to  the  accepted  approximation,  we  can  take  in  (13)  that 

1+  I  p'PX  |2  1  d  , 

2  t/J  pd 

G  =  -^  ,  and  /o  =^-^{\-viplmx)  • 

It  gives  after  some  calculations  for  the  reflection  coefficient  R=Co/A; 
cos  ^  -  k[{e  sin  Im  ;i:  -  — ] 

^ - w  ’ 

cos^-^[{c  sin^)Im;jf  + y] 

Conformal  mapping  of  the  halfplane  t|>0  onto  D  can  be  expressed  explicitly  with  the 
aid  of  the  Schwarz-ChristofFel  formula,  and  after  some  algebra  we  obtain: 

jd[u/(&)+C  .  .  Tdt  .... 

- +^"'2+—,  (15) 

L  2  d 

where  'F(0)  is  digamma  function  and  C=0.  5772. . .  is  the  Euler  constant.  Substituting  (15)  into 
(14)  we  obtain  finally: 

cos^  -  k{~  {e'^  sin  q>){y/{&) + C  +  2  In  2  +  -  —} 

i?  = - ¥ - ^  -  -?v  -  ,  (16) 

cos  (p  -  k{—  (e-’”  sin  <p){y/{&) + C + 2  In  2 + — ] + -} 

2n  d  2 

The  problem  of  low-frequency  diffraction  on  the  general  periodic  surface  has  been 
studied  in  the  works  [3]  and  [4]  where  some  expressions  for  R  have  been  proposed.  In  the 
limiting  cases  of  normal  incidence  ((p=0)  and  grazing  incidence  ((p=  n/2),  the  values  of  R 
obtained  from  these  expressions  are  in  agreement  with  those  obtained  from  (16): 

R  =  =  e'**  and  R=-l.  However,  for  the  other  values  of  (p  they  do  not  coincide  with 

l-ikh/2 

the  rigorous  result  (16),  so  they  turn  out  to  be  incorrect  in  general  case. 
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NEW  DESCRIPTION 

OF  SPATIAL  HARMONICS  OF  SURFACE  WAVES 

Yladimir  Onufrienko 

Zaporizhzhya  State  Technical  University 
Zhukovsky  Str.,  64,  Zaporizhzhya,  330600,  SP-39,  Ukraine 

Abstract  In  the  paper,  one  idea  concerning  potentialities  of  fractional  calculus^description  of 
sStlcJdos  rfslrface  waves  by  means  of  the  a-features,  is  consid^ed.  The  whcahon 
of  the  boundary  conditions  for  determining  the  a-features  of  a  field  is  discussed.  Nummoa 
iiLon  of  OM  particular  scattering  problem  for  an  electromagnetic  wave  incident  on  an 

impedance  and  edged  surface  is  outlined. 

Introdurtum^^^^  boundary  conditions  and  their  classical  variant:  the  ^ 

condition^ are  widely  applied  to  the  description  of  processes  of  interaction  of  a 
elertromagnetic  field  with  surfaces.  These  conditions 

assumotions  which  simplify  the  statement  and  solution  of  a  problem  [IJ.  However  these 
assumptions’impose  restrictions  on  some  geometrical  characteristics  of  contours  a"'*  surface^ 
^Considering  a  surface  of  the  unit  of  media  as  fi-actal,  we  propose  to  take  into  acwunt 
its  impedance  properties  at  the  expense  of  representations  about  such  its  structure,  when  all 

points  ^WcaUy  me  -tent  the  use  of  the  recemly  developed 

differintegrals  technique  (see,  for  example,  [2])  allows  to  take  into  account  ^ 

of  both  ideal  and  real  conductors.  It  can  be  easily  done  by  considering  an  incidence  of  a  pla  e 

wave  on  the  interface  between  two  media. 

Differmtegra^boun^^  scattering  problem,  when  the  required  field  can  be 

considered  as  independent  on  one  of  the  Cartesians  coordinates,  let  us  consider,  instead  of  a 
scalar  potential  function,  its  a-features  as  a  differintegral  yDg+u  satisfying  the 

Helmholtz  equation  on  the  plane 

^ly^Da+u^^x, y)  +  k^^Da+u'^^x,  y)  =0,  0  <  a  <  1,  k  =  2%/  A, 


and  boundary  conditions  on  the  surface  T 

2  /  „ 


^a,{DSiu«-'y  =  g(M),  M 


Sch  characterize  reflection  and  transmission  of  the  wave  at  the  suifece  completely. 

It  is  obvious  that  with  ai=  I,  a,  -  0.  a,  -jS,  a,  =  f  we  have  a  sMemert  of  a  problem 
about  a  field  of  magnetic  polarization  (d^Z/kWo,Z  is  the  surftce  impedance,  “ 

is  the  free-space  impedance).  With  a,- 1,  a, -1.  a,  ‘jn.  as  =  0,  we  have  a  problem  about  a 
field  of  electrical  polarization  (tj==kZ/  Wo). 
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The  problem  as  (1),  (2)  is  stated  mathematically  correctly.  It  is  possible  to  prove 
rigorously  its  solution  existence  and  uniqueness  (following,  for  example,  [3]). 

The  introduction  of  the  differintegrals  a-features  satisfying  the  boundary  conditions 
(2),  enables  us  to  work  with  components  of  the  field  as  with  smooth  regular  functions.  It  is 
essential  while  considering  fractal  boundaries  that  have  breaks  and  edges.  Thus  the  differ- 
integration  not  only  keeps,  but  also  essentially  improves  the  properties  of  the  functions. 

Examples  of  solution  of  particular  scattering  problems 

We  shall  further  consider  examples  of  the  solution  of  the  problems  about  the 
scattering  of  an  electromagnetic  wave  from  an  impedance  flat  surface  and  with  an  edged 
surface,  in  new  statement. 

1).  Consider  a  particular  scattering  problem  about  the  propagation  of  a  slow  electric 
wave  above  a  flat  surface  in  the  direction  of  the  axis  Oz. 

The  solution  of  equation  (1)  concerning  the  a-features  of  longitudinal  component  of 

electric  field,  E“ ,  is  obtained  as  follows: 

'  ^zmax  - 


B  1 

n  is  the  deceleration  factor  of  the  phase  velocity, 

k  \ 

9  =  ix,  /“  is  the  scale  multiplier. 

With  a  =  0,  a  classical  result  is  obtained  from  (3)  (compare,  for  example,  with  [4]). 

Li  Fig.l,  the  longitudinal  z-component  of  the  E- wave,  above  the  impedance  plane,  is  shown  as 
a  function  of  the  normalized  distance  kx  (curve  fl  corresponds  to  parameter  a  =  0.1;  curve  £2 
to  a  =  0.9;  curve  gl  to  a  =  0;  riph  =  2). 


(3) 

where 


Fig.l 


Fig.2 


2).  Consider  now  an  impedance  surface,  which  is  formed  by  the  metallic  plane  at  x  =  0 
with  the  grooves  (a  gratings  with  period  L).  Suppose  that  the  a-features  of  the  field 
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component  Ez  transform  to  zero  on  the  surface  of  metal. 
From  (1)  we  obtain  that 


p=-<o  UxJn^-l 


s/n('Bod/2j 

where  IW  p  =  ^  ~  amplitude  factor  oi  narmonic  ^siruciuic  ium.- 

factor) 

The  distribution  of  the  electrical  component  of  the  field,  £7  /  £7  max » along  the  axis 

O2  is  shown  in  Fig.2  (curves  f(z)  and  g(z)  here  correspond  to  the  0-  and  0.33-features  of 
field-  A:=0  2-  X=k7i/4;  d=0.5  L).  If  a  =  0  (the  structure  of  the  ndged  surface  of  a  fracta 
strurture  is  not  taken  into  account),  a  complete  coincidence  of  our  results  of  numencal 
solution  with  the  known  data  is  observed  (see,  e.g.  [4]). 

In  this  paper  we  have  briefly  outlined  some  of  the  applications  of  differintegrals  in 
electromagnetics.  Since  fractional  differintegrals  are  in  fact  an  intermediate  case  between  the 
conventional  integer-order  differentiation/integration,  one  may  speculate  that  the  use  ot  these 
fractional  operators  may  result  in  obtaining  interesting  novel  solutions  in  electromagnetics. 

The  application  of  fractional  calculus  enables  one  to  estimate  interaction  0 
electromagnetic  waves  with  fractals  surfaces  with  the  help  of  the  classical  Maxell  equations 
without  imroduction  in  them  any  additional  specific  addendum,  that  inevitably  follows  the 

attempts  of  construction  of  adequate  physical  model.  cu  u  t  • 

As  well  as  in  the  case  of  approximate  boundary  conditions  of  the  Shchukin- 

Leontovich  type,  the  boundary  conditions  (2)  allow  to  take  into  account  the  presence  of  a 
fractal  surface  and  neglect  the  field  inside  a  body  (the  same  properties  take  place  for  the 
boundary  conditions  on  an  perfectly  conducting  surface).  Some  other  cases,  ^ch  as 
fractionalization  of  the  internal  and  external  boundary  problems,  are  currently  under  study  by 

the  author. 
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Analytical  Expression  Transformation  for  the  Engineering  Calculation  of 

Parametric  Absorption  Effect 

Svetlana  A.  Gayvoronskaja,  Victor  1.  Sergeev 

Voronezh  Construction  Bureau  of  Antenna  Design 
Russia,  394000,  Voronezh,  P.  0.  Box  175,  VCB  AD 
tel/fax  (073-2)  33-29-92,  e-mail:  sergeev@vcb-ad.vm.ru 

Recently  the  investigations  of  the  effect  of  electromagnetic  wave  energy 
parametric  absorption  by  the  material  objects,  its  consequences  and  practical 
applications  have  been  increasing  steadily  [1,2]. 

In  the  previous  works,  the  analytical  expressions  which  took  into  account 
the  fact  that  the  irradiated  object  was  dielectric,  were  proposed.  In  the 
engineering  design,  in  the  case  of  the  practical  (radar)  implementation  of  the 
known  expressions  characterizing  the  effect  of  parametric  absorption,  it  was 
revealed  a  necessity  to  modify  the  mentioned  expressions  for  a  material  object 
constructed  of  metals  (lossy  conductors)  but  not  dielectrics. 

In  this  paper  we  present  the  transformed  analytical  expressions  for  the 
engineering  calculation  of  the  parametric  absorption  effect  under  interaction  of 
an  electromagnetic  wave  and  an  object  made  of  conducting  materials. 

The  original  analytical  expressions  for  determining  the  irradiation 
parameters  (the  irradiation  power  and  the  maximum  value  of  absorbed  energy, 
respectively)  have  the  following  form  [  1  ] : 


where  Pq  is  the  power  irradiating  a  material  object  that  is  sufficient  for  the 
display  of  the  parametric  energy  absorption  effect;  L’o  is  the  dimension-less 
value,  numerically  equal  to  Lq  that  is  the  length  of  the  closed  curve  of  the 
refracted  wave  propagating  in  object;  e,  p  are  the  dielectric  and  magnetic 
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refracted  wave  propagating  in  object;  s,  p  are  the  dielectric  and  magnetic 
constants  of  the  propagation  layer  (external  layer);  Si,  pi  are  the  dielectric  and 
magnetic  constants  of  the  reflecting  layers  (internal  layers);  i  is  the  quantity  of 
the  microwave  pulses  in  the  irradiation  packet;  Xy  is  the  single  pulse  duration; 
FI  is  the  multifiinctional  parameter  determining  the  interrelation  of  irradiating 
parameters  and  resonant  and  physical  properties  of  the  object;  is  the 
wavelength  of  the  refracted  wave;  Qa  is  the  quality  factor;  tan  8  is  the  loss 
tangent;  is  a  linear  coefficient  characterizing  the  pulse  form;  Ph  is  the 
normalization  factor;  Ei  is  the  maximum  value  of  the  absorbed  energy;  Se  is  the 
coefficient  having  the  energy  dimension  and  corresponding  to  the  manner  of  the 
observation  object  reaction  on  the  high-power  outer  influence. 

The  expressions  for  determining  the  irradiation  power  and  the  maximum 
value  of  energy  required  to  compensate  for  the  arisen  shortage  contain  the 
parameters  characterizing  the  electromagnetic  wave  circulation  and  attenuation 
in  the  material  object.  A  requirement  to  modify  the  expression  for  the 
engineering  calculation  is  connected  with  the  fact  that  when  irradiating  the 
object  constructed  of  the  conducting  materials  one  can  not  use  the  expressions 
having  the  parameters  characterizing  the  dielectric  medium.  For  instance,  the 
loss  tangent  for  the  dielectrics  is  less  than  1,  while  the  conductor  loss  tangent  is 
much  greater  than  1.  As  a  result,  the  expressions  for  the  attenuation  ratio  of 
dielectrics  and  lossy  conductors  are  different. 

Attenuation  ratio  for  dielectrics  is  commonly  defined  as  follows  [3]: 


k 


— 

c 


(3) 


Whereas  the  expression  for  a  lossy  conductor  attenuation  ratio  differs 
from  the  written  above,  namely  [3]: 


(4) 


where  e’,  p’  are  the  real  parts  of  the  parameters  8,  p.  Instead  of  e’  h  p’,  it  is 
necessary  to  take  |f|  and  |//|,  because  in  the  considered  case  |fj «  s\\iu\ «  // .  In 
our  work  we  had  accepted  the  notations:  \s\  =  e,  where  s  =  sjs^  and  |//|  =  //, 
where 

In  the  given  expressions  such  a  value  as  quality  factor  (Q-factor),  which 
is  equal  to  the  inverse  value  of  the  loss  factor,  is  present.  For  good  dielectrics 
Q-factor  reaches  large  values,  while  for  lossy  conductors  it  is  small. 
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All  the  listed  above  reasons  point  out  to  a  necessity  of  the 
transformation,  which  is,  for  instance,  in  the  substitution  of  the  dielectric 
attenuation  ratio  for  the  conductor  attenuation  ratio.  As  a  result,  the  expressions 
for  the  calculation  of  the  irradiation  parameters  (irradiation  power  and  absorbed 
energy  maximum  value)  of  the  material  object  made  of  lossy  metals  (conducting 
materials)  were  obtained  as  follows: 
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The  engineering  calculation  performed  for  a  material  object  made  of  a 
lossy  conductor  (Aluminium)  has  confirmed  the  necessity  and  validity  of  the 
introduced  modifications. 

Summarizing,  in  our  paper  we  have  shown  that  the  transformation  of  the 
analytical  expressions  for  the  engineering  calculation  of  the  parametric 
absorption  effect  widens  the  range  of  applicability  of  the  presented  expressions 
and  improves  the  agreement  of  modeling  and  experimental  data. 
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Numerical  calculation  of  the  electron  distribution  function 
with  the  goal  of  simulating  a  current  drive 
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The  results  of  numerical  simulation  of  the  current  drive  via  solmng  . 

Planck  equation  are  presented.  The  problem  of  numerical  instaUhUes  %s  discussed. 

1  Introduction.  The  numerical  simulation  of  any  kinetic  problem  associated  with  ai^il- 
current  drive  requires  the  solution  of  a  Fokker-Planck  type  equabom 
W1  one  of  the  main  numerical  problems  of  kinetic  equation  solving  “^s  m  t^- 

of  conservative  formulation,  that  is  not  so  trivial  especially  for  the  Codomb  operator.  Th 
mKpr  of  tricks  designed  especially  for  avoiding  the  numerical  instabilities  (as  example  of  th 

Itt  priblem  of  numerical  solving  the  kinetic  equation  which  d«nb«  the 

Silinear  interaction  whh  launched  into  plasma  RF  fields  and  collisional  relaxation  of  the  in^ed 
e  rhatino  is  the  difference  in  kinds  of  symmetries  of  the  relevant  differential  operators.  Whde 
thflfn^  of  the  cLomb  operator  is  that  in  spherical  coordinates,  he 

qtasilinear  operator  has  as  native  cylindrical  ones.  Moreover,  the  quasihnear  diffusive  operate^ 
dLr  bes  a  dfffusive  process  exactly  along  a  given  resonant  lines,  being  actually  on^dimension^ 
Senear)  operator.  This  means  that  no  one  chosen  coordinate  system  -n  exdude  a^- 
cvf  cr,  rnllpH  crossed  derivatives  in  total  diffusive  operator  (i.e.  aggregated  Coulom 

L~~) 

appearance.  numerical  simulations  of  some  problem  associated  with  pro- 

duchT^te  c^lut  drive  by  lower  hybrid  heating  (LHCD), 

solving  bv  the  finite  difference  method  with  the  help  of  the  developed  FPTM  code  [21.  In 
followL  we  show  the  results  of  successful  application  of  the  developed  code  to  the  one  specific 
nrnhlpm  with  appearance  of  a  plateau  on  the  distribution  function  m  the  resonance  region. 

f  FormuWlon  of  problem.  Apart  from  omitted  small  number  of  relativistic  particles 
such  '.a ?uruU-ay  elecLns  and  o-particles.  for  the  typical  ptanra  p—  m  — 
the  basic  assumption  about  time-scales  is  that  rs  C  Tc  ~  Tqi  <  Tneo,Ta  holds,  b 

fds/v,  is  the  period  of  bounce  oscilUtions,  r,  and  T„  are  the  character  trm^ot  mltaom 
ouaailincar  heating,  respectively,  evaluated  in  order  of  magmtude  from  {df 
T  and  T  are  the  character  times  of  neoclassicai  and  anomalous  transpOTt,  respectnely.  This 
ISta  iStl  hit  having  so  far  separated  the  rates  of  redistribution  of  any  perturbatiorj  m 

lllZ  .Td^al  soaces  and  being  interested  only  by  kinetic  effects  of  RF  heating  we  can  neglect 

CS'oTHrS-titaioI  and  solve  the  kinetic  equation  tor  the  given  magnetic  surfa» 
Xlirn  Pl-ia  parameters.  Bounce  averaged  Fokker-Planck  equation  can  be  written  then 

as  [3  41 

dt  me'  "5U|| 

Here  and  below  index  ”0”  is  related  to  the  point  of  minimum  of  the  steady  ma^etic  field 
absolute  value  B  for  the  given  magnetic  surface  situated  at  the  equatorial  plane.  Usua  y, 
collision  operator  0°^^  is  defined  for  maxwellian  distribution  functions  of  groun  par  ic  e 
1  for  the  most  kind  of  problems  this  approach  has  a  high  accuracy.  Only 
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simulations  of  resistivity  or  another  similar  problems  related  to  the  electron  current  require  to 
use  a  more  complete  model.  The  operator  describes  a  quasilinear  diffusion  of  electrons 
in  velocity  space  during  lower  hybrid  heating  and  has  usual  for  it  form  (see,  for  example,  [5]). 
Below,  the  set  of  spherical  coordinates  is  used,  which  turns  the  Coulomb  operator  to  the  diagonal 
form. 

In  fact,  equation  (1)  is  a  system  of  equations  for  passing,  co-passing  and  trapped  particles, 
coupled  by  boundary  conditions  along  those  lines  in  velocity  space  which  separate  these  popula¬ 
tions.  These  equations  can  be  also  coupled  by  Coulomb  operator  (7“/“  (depending  upon  the  type 
of  the  model  used).  In  the  set  of  dimensionless  variables  u  =  v/vth  and  6q  (pitch  angle  computed 
in  the  minimum  of  B)  this  system,  labeled  by  index  m,  can  be  expressed  in  dimensionless  and 
conservative  form  as 


dt  ~  u^du^  u^sinOodeo 


{sinOoS^), 


(2) 


where  A  =  vtb  [cos^oI  /  ^  dsBr^m/Bis),  and  are  the  fluxes  in  velocity  space  in  ”w”  and 
”0o”  directions,  respectively: 


qm  _  rym 


pifm 

I  TiTa  ,  Tpm 

+  ^uOo  t*  /O  j 


am  _  jym 
^00  Mo 


+  D] 


df( 


du 


+  W-  (3) 


To  descretize  the  equations  the  accurate  and  absolutely  stable  difference  scheme  of  Karetkina 
(see  [6])  is  used.  Formally  this  procedure  is  executed  by  integration  of  eqn.  (2)  with  weight 
u^sin^o  ovar  the  mesh  unit  cell  ^^-1/2  <  w  <  Ui4.i/2)  ^j-1/2  ^  ^0  £  ^j+i/2-  In  the  approach  of 

Karetkina  the  flux  term  (3)  is  rewritten  as  [2]  (for  brevity  here  and  below  only  ”u”  component 
of  flux  is  shown) 
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where  the  weight  coefficients  at  and  Pi  are 
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AuJjiii+lIl. 
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In  comparison  with  the  most  commonly  used  scheme  of  discretization  of  Chang  and  Cooper  [1] 
the  approach  (4)- (5)  has  much  more  generality  and  does  not  request  any  ’’physical”  assumptions 
to  define  the  weight  coefficients  a™  and  /?■”. 

A  conservative,  finite-difference,  two-step  operator  splitting  algorithm  [3,6]  is  used  for  the 
time  advancement  (between  the  1th  and  the  {I  +  l)th  time  steps)  of  =  fo^iui,6oj,ti), 
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At  being  the  time  step.  The  operators  A"*  incorporates  the  collisions,  the  quasilinear  heating 
and  the  Ohmic  terms.  One  can  see  that  this  scheme  is  implicit  one  only  for  diagonal  operators, 
while  other  ones  in  equation  are  written  as  explicit  part.  To  suppress  inaccuracy  produced  by 
the  explicit  part  of  the  differential  operator  the  time  step  At  has  to  be  kept  as  enough  small. 

3.  Applications.  The  triangular  spectra  model  [5]  is  one  of  the  most  commonly  used 
for  the  description  of  LHCD  problem.  We  apply  this  model  too,  studying  current  drive  for 
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the  wide  set  of  plasma  parameters.  A  tokamak  configuration  with  circular  magnetic  surfaces 
was  used  and  all  calculations  were  done  for  the  given  inverted  aspect  ratio  e  =  0.8  As  mostly 
sensitive  for  quasihnear  heating,  the  case  of  low  density  plasma  was  studied,  with  the  following 
parameters  of  plasma:  =  n,  =  Ze//  =  l,Te  =  T,  =  2fce7,  which  are  typical  or  the 

middle  size  tokamaks.  To  cover  as  much  as  possible  number  of  cases  smtable  for  ^y  anal^ical 
estimations  the  launched  power  was  varied  in  very  wide  area  from  small  0.05W/cm  up  to  almost 
irreal  IGWlcrr^^  Comparison  of  the  forms  of  the  distribution  functions  calculated  with  taking 
into  account  the  existence  of  trapped  particles  (Fig.la)  and  without  it  (Fig.lb)  shows  that  the 
visible  part  of  the  moment  got  from  external  wave  packet  is  lost  due  to  collisions  with  trapped 
particles,  which  are  excluded  from  those  not  contributing  to  the  current.  This  is  also  illustrated 
at  the  Fig. 2,  where  the  dependence  of  efficiency  versus  launched  power  is  shown. 

Note  by  the  way  that,  in  the  formal  consequence  with  appearance  of  the  plateau,  the  order 
of  the  solved  equation  degrades  locally  in  the  region  of  the  plateau  (at  least  the  leading  term 
becomes  small)  This  fact  often  can  be  the  reason  of  some  numerical  instabilities.  The  approach 
of  the  conservative  discretization  holding  is  a  good  guarantee  from  any  numerical  instabilities 

of  this  kind.  .  m  i.  i  • 

This  work  was  partly  supported  by  the  Ukrainian  Ministry  of  Science  and  Technologies. 
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Fig.la.  Contour  lines  of  the  electron  distribution 
function  with  taken  into  account  an  existence  of 
trapped  electrons  (bounce  averaged  model). 
Fig.lb.  Contour  lines  for  the  local  model,  i.e. 
obtained  in  assumption  of  absence  any  trapped 
electrons. 

Fig.2.  Dependence  of  the  efficiency  of  current 
drive  producing  on  launched  power. 
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Introduction. 

The  present  report  is  devoted  to  developing  the  electrodynamic  theory  of  superconducting  structures 
and  its  application  to  the  technique  of  the  microwave  band.  The  actuality  of  the  given  problem  lies  in 
the  fact  that  nowadays  there  is  no  any  acceptable  mathematical  methods,  by  means  of  which  it  would  be 
possible  to  investigate  in  sufficient  details  and  give  designers  of  the  radioelectronic  equipment  practical 
recommendations  on  solving  internal  and  external  boundary  value  problems  (stationary  and 
nonstationary),  associated  with  excitation,  scattering  and  propagation  of  electromagnetic  waves  on  the 
superconducting  (SC)  objects  of  simple  and  complex  shape.  Therefore  the  developing  of  the 
electrodynamic  foundations  of  SC  structures  for  external  and  internal  problems  with  the  methods  of  the 
spectral  theory  is  important  practical  task  in  antenna  and  waveguide  technique.  The  report  consists  of 
tree  parts. 

In  the  first  part  solution  of  internal  problems  of  the  electrodynamics  with  boundary  conditions  of  the 
third  kind  in  contexts  of  methods  of  the  spectral  theory  is  considered.  It’s  known  that  when  studying 
such  problems  an  important  role  plays  the  superconductor  impedance  [1].  Therefore  the  attention 
should  be  paid  to  selection  and  grounding  the  physical  models  for  the  surface  impedance  of  the 
superconductors  (stationary  and  nonstationary  models).  A  number  of  particular  boundary'  value 
problems  has  been  solved:  excitation  and  propagation  of  the  electromagnetic  waves  (EW)  in 
superconducting  waveguides,  cavity  and  open  resonators  of  the  ordinary  and  complex  shape.  For 
certain  devices  the  numerical  experiments  have  been  carried  out.  The  physical  analysis  of  these  results 
enable  us  to  make  a  conclusion  about  the  efficiency  of  the  proposed  methods.  New  approximate 
boundar>^  conditions  for  superconducting  structures  with  time-periodical  electrodynamical 
characteristics  will  be  developed. 

In  the  second  part  the  algorithms  for  external  boundary  value  problems  for  the  first  time  will  be 
obtained  and  justified.  These  model  problems  can  be  used  in  practice  [2-22],  for  example,  for 
calculating  the  basic  electrodynamic  characteristics  of  superconducting  superdirectional  antennas, 
superconducting  spiral  antennas,  superconducting  planar  printed  antennas  for  the  satellite 
communications  and  television,  superconducting  RSA  used  for  remote  sounding  of  underlying  surfaces 
of  different  nature,  as  well  as  integrated  circuits  and  microelectronic  devices  based  on  superconductors. 
In  the  third  part  solutions  of  nonstationary  boundary  value  problems  on  waveguide  and  antenna 
technique  will  be  obtained.  An  analysis  of  the  results  obtained  will  be  made  and  practical 
recommendations  for  constructing  particular  superconducting  microwave  devices  will  be  given  [22]. 

Modeling  of  Physical  Processes  in  Various  Superconducting  Structures. 

We  consider  the  cycle  of  problems  on  excitation,  diffraction  and  scattering  of  the  electromagnetic 
waves  by  superconducting  structures.  Such  structures  are  the  plane,  the  strip,  the  system  of  strips,  the 
circular  and  elliptic  cylinders,  the  sphere,  the  thin  shell  and  a  number  of  other  bodies.  Such  wide  range 
of  problems  was  considered  in  works  of  the  author  [1,9-22].  Investigations  associated  with  the 
scattering  and  propagation  of  the  electromagnetic  waves  in  the  superconducting  structures  are  caused 
first  of  the  progress  toward  the  microelectronics  and  advances  in  the  different  solid-state 
superconducting  devices.  The  practical  success  that  was  achieved  in  low-temperature  and  high- 
temperature  superconductivity  [1]  within  the  last  years  made  it  possible  to  obtain  quantitatively  new 
results  on  determination  of  the  basic  electrodynamic  characteristics  of  the  different  microwave  devices 
and  structural  elements.  The  mathematical  modeling  of  physical  processes  performed  by  author  and  his 
colleagues  when  solving  the  wide  class  of  boundary  value  problems  of  the  third  kind  (internal  and 
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external)  is  based  on  the  superconductor  surface  impedance  mentioned  in  [1].  New  mathematical 
methods  for  solving  the  boundary  value  problems  of  this  kind  are  developed  and  justified  are  based  on 
the  theory  of  spectral  operators.  These  enabled  us  to  solve  a  number  of  the  important  application 
problems.  Following  the  practical  purpose  of  these  or  those  radiotechnical  systems  and  devices  we 
could  emphasize  several  groups  of  such  problems.  First  of  all  are  the  problems  associated  with 
scattering  and  propagation  of  electromagnetic  waves  along  the  boundary  between  the  free  space  and 
superconductor.  To  the  same  class  of  explored  structures  can  be  attributed  the  scattering  of  the 
electromagnetic  waves  on  one,  two  and  system  of  superconducting  tapes.  Here  also  should  be  regarded 
problems  on  the  propagation  of  electromagnetic  waves  in  waveguides  with  "sandwich"  type  walls, 
determination  of  die  basic  electrodynamical  characteristics  of  the  microstrip  superconducting  resonators 
and  cavity  resonators  of  complex  shape.  The  second  group  of  problems  deals  with  the  excitation  and 
scattering  of  electromagnetic  waves  on  the  superconducting  disk  and  two  disks,  cylinder,  sphere,  rough 
wedge  and  so  on.  Hereto  problems  group  adjoin  the  many  problems  of  the  antenna  and  waveguide 
technique,  microwave  microelectronics.  Fmally,  the  third  group  of  problems,  when  soling  them  it  is 
expedient  to  use  the  superconductor  surface  impedance,  concerns  developing  of  the  theory  of  open 
superconducting  resonators.  To  basic  scientific  results  can  be  attributed:  solution  of  the  diffraction 
boundary  value  problem  on  two  thin  superconducting  tapes  which  represent  the  open  resonator  and 
results  of  the  study  of  open  superconducting  resonators,  formed  by  rectangular  and  circular  planar, 
cylindrical  and  spherical  mirrors.  Many  of  the  mentioned  problems  should  be  solved  in  nonstationary 
approximation. 

Theory  and  Its  Applications. 

Developed  and  grounded  mathematical  methods  for  solving  of  stated  in  [1-22]  scientific  and  technical 
problems  are  perspective  and  can  find  wide  applications  in  various  fields  of  the  physics  and  technique 
of  the  microwave  band.  Mention  some  of  them.  The  creation  of  the  advanced  radar  and  radiomeasuring 
systems  on  the  element  base  of  the  superconductors  will  permit  one  to  solve  the  next  major  problems: 
in  space  communication,  location  and  ship  navigation,  search  and  detection  of  heat-radiating  objects, 
remote  measurement  of  temperatures,  spectral  analysis  of  temperatures,  spectral  analysis  of  the 
planetary  atmosphere,  medicine,  microelectronics,  fundamental  metrology.  So  in  [20]  for  the  first  time 
the  research  in  the  refinement  of  the  fundamental  physical  constant  (FPC)  the  velocity  of  light  on  the 
basis  of  superconducting  circular  cavity  resonators  have  been  carried  out.  The  performed  numerical 
experiments  on  refinement  and  determination  of  the  FPC  the  velocity  of  light  by  two  different 
mathematical  methods  (the  perturbation  technique  and  the  method  of  the  generalized  natural 
oscillations)  on  the  basis  of  cavity  resonators  are  reference  to  building  the  theory  of  open 
superconducting  resonators.  In  such  a  way  a  principle  possibility,  having  created  this  theory,  to  obtain 
the  algorithm  and  the  programs  software  for  its 'refinement  on  the  basis  of  superconducting  open 
resonators  appears  for  the  first  time.  Besides  on  the  basis  of  these  relationships  for  particular  physical 
models  of  the  open  superconducting  resonators  (for  example,  confocal)  the  real  possibility  appears  to 
perform  experimental  studies  concerning  the  determination  of  the  velocity  of  light.  Note  that  the  theory 
of  open  superconducting  resonators  represents  the  new  scientific  research  area  in  modem 
electrodynamics  [2,4,5,11,12].  How  it  follows  from  the  analysis  of  the  results  obtained,  it  is  clear  that 
they  will  find  wide  application  in  electronics,  instrumentation  and  antenna  technique  of  the  microwave 
band. 
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Evolution  of  a  Magnetic  Resonance  Line  Under  Microwave  Field 

of  High  Intensity 
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NAS  of  Ukraine. 

1.  The  classical  description  of  the  Electron  Spin  Resonance  (ESR)  phenomenon  is 
based  on  the  knovwi  Bloch  equation  [1]  for  a  motion  of  a  vector  magnetizaton  /m  a  variable 

magnetic  T\c\dH(t)'. 

dJ/dt  =  Y[J>B]  +  R  W 

here  yis  the  gyromagnetic  ratio,  Jl  =  {JJv,;  (Jo  -  is  the  dissipative  t^, 
whose  components  contain  die  times  of  the  longitudinal  (t;)  and  cross  (li)  relaxation,  e 
dependence  H(t)  usually  is  chosen  in  a  form 


Hx  =  Ho  sin  (totj,  Hy  =  Ho  sin  (m+  <p),  H  -  const 


(2) 


At  0=±7if2  it  is  possible  to  determine  the  periodic  solution  of  (1)  in  an  analytical  form, 
which  corresponds  to  the  stationary'  mode  of  oscillation  of  the  vector  J(t).  HerC’  ™e 
dependence  of  the  ampUtude  ^  of  magnetization  in  XOY  plane  on  the  detnmng  value  of 
a  microwave  field  firequency  is  given  by  the  expression: 


where 


3=(a>  - yHx)r2,  q  =  tHoTi  ,  Q  =  lHo  4^  • 


(3) 


The  function  (S^  determines  Ae  shape  and  the  structure  of  the  ESR  line.  It  is  easy  to 
see  that  depending  on  the  value  of  parameter  g  it  has  either  one  (at  Q<1\  or  mo  ^ 

0>  I).  Thus,  for  large  enough  intensity  of  the  microwave  field,  the  splittmg  of  the  ESR  line  to 
mo  components  is  observed,  when  the  intensity  of  the  variable  field  Ho  exceeds  the  critical 
value,  Hen  determined  from  the  condition  Q-P 


H„=\ir4^i 


(4) 


Using  (3),  it  is  easy  to  see  also  diat  at  the  resonant  frequency  a>=}Hz  the  ma^rtization 
Jxv  decreases  with  growing  of  intensity  of  the  microwave  field,  ifHo>Hcr.  But  it  is  difficu  o 
explain  physical  nature  of  this  phenomenon  within  the  firamework  of  the  classical  model. 
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2.  In  order  to  study  the  magnetic  relaxation  mechanism  of  ESR  phenomenon  observed 
in  the  high-intensity  microwave  field,  the  authors  developed  a  statistical  method  of  the 
process  simulation.  Here  the  paramagnetic  medium  is  represented  by  a  system  of  elementary 
magnetic  moments  Mi  (i=I,  2,...  n),  which  interact  with  phonons  of  a  crystal  lattice  in  the 
random  moments  of  time  fv*/  In  the  time  intervals  v}*  <t<  v},*+/  the  motion  of  die  moments 
Mi  is  determined  by  the  equation 


dMi/dt^y[Mt,H\  (5) 

The  description  of  interaction  of  magnetic  moments  with  phonons  is  based  on  the 
following  assumptions: 

a)  a  sequence  of  values  of  energy  Ei  =-Mi  H  at  the  moments  of  time  after  interaction 
with  pWon  will  form  the  homogeneous  Markov  process  [2],  which  has  the  Boltzman  type 
stationary  distribution; 

b)  the  intervals  of  time  Jv*  =  Hi+i  -  have  an  exponential  kind  of  distribution  with 
parameter  A=7/r,  where  r  is  the  average  interval  of  time  between  interactions  (magnetic 
relaxation  time). 

Thus,  in  the  presented  model,  magnetic  moments  Mi  are  the  randomly  oriented  vectors 
having  regular  trajectories  in  space  {Mx;  My;  M^,  which  are  broken  by  the  random 
perturbations  at  the  moment  of  time  Vjk  according  with  the  equation  (5). 

A  computer  program  realizing  numerical  algorithm  of  solution  of  (5)  and  simulating 
the  interaction  of  magnetic  moments  with  phonons  using  the  Monte-Carlo  method  [3]  in 
accordance  with  the  conditions  a)  and  b)  has  been  developed.  For  simplicity  the  absolute 
values  of  the  magnetic  moments  were  assumed  identical. 


J^-lO^.Oe 


rig.i.  Formation  of  a  resonance  line  versus  the  amplitude  of  the  microwave  field 

3.  Numerical  experiments  performed  on  the  basis  of  statistical  method  demonstrate 
the  effect  of  splitting  of  magnetic  resonance  line  to  two  components,  as  well  as  the  solution  of 
phenomenological  equation  (1).  In  Fl^.l  the  dependencies  of  the  monetization  on  the 
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Static  magnetic  field  ft,  for  diflEerent  values  of  Hj‘^>Hcr  are  presented.  One  can  see  the 
reduction  of  magnetization  with  growing  the  intensity  ft  of  the  microwave  field  under  the 
condition  of  resonance  m=;ft.  The  analysis  of  dynamics  of  this  process  demonstrates  that 
this  phenomenon  is  caused  by  the  fact  that  in  the  vicinity  of  the  resonant  frequency,  at 
H(i>Hcn  the  system  of  magnetic  moments  splits  on  two  subsystems  with  opposite  orientations 
of  vectors  Jft.  This  phenomenon  leads  to  the  reduction  of  the  medium  magnetization  m  the 
XOY  plane. 


Fig.2.  Dependence  of  the  magnetization  value  on  the  intensity  ft  at  die  resonant  frequency 

The  ESR  phenomenon  was  also  simulated  under  the  conditions  of  amplitude 
modulation  of  microwave  field.  Here  the  variation  of  the  value  of  ft  in  time  is  linear.  As 
calculations  show,  for  a  high  intensity  ft  and  incomplete  magnetic  relaxation  the  double  loop 
of  hysteresis  caused  by  the  effect  of  the  resonant  line  splitting  is  formed  on  the  diagram  J:g,  — 
Ho  (Fig.2).  As  far  as  the  width  of  the  hysteresis  loop  is  one-to-one  connected  with  the 
relaxation  time,  this  phenomenon  can  be  used  as  a  basis  for  the  development  of  an 
independent  method  of  definition  of  magnetic  relaxation  time. 

Thus  the  statistical  method,  whose  opportunities  are  discussed  here,  appear  to  be 
rather  efficient  method  of  simulation  of  dynamic  processes  in  magnetics.  The  analysis  of  the 
calculatioos  of  magnetoresonance  absorption  evolution  demonstrates  that  by  taking  into 
account  the  crystal  fields  and  exchange  interaction  it  wUl  be  possible  to  apply  this  method  for 
the  research  of  more  complicated  magnetic  structures  such  as  ferromagnetics, 
asperomagnetics,  spin-glasses,  etc. 
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Abstract  -  The  methods  of  calculation  of  electric  fidd  in  granular  materials  are 
analyzed:  classical,  conformal  mappings  and  breakdown  into  sections.  A  conclusion 
about  necessity  of  solution  of  the  Laplace  equation  for  the  exact  description  of  a  field  in 
granular  material  is  done. 

The  measurement  of  humidity  is  important  in  many  industrial  and  agricultural 
applications.  Wide  class  the  media,  whose  humidity  is  necessary  to  monitor,  are  granular 
materials  (GM).  They  are;  seeds  of  grain  cultures  (wheat,  rye,  etc.),  crushed  coal  and  ores  of 
minerals,  various  powders:  from  mould  mixtures  in  foundry  shops  up  to  raw  material  for 
obtaining  electrotechnical  ceramics. 

For  an  operational  and  non-destructive  control  of  GM  humidity,  a  high-frequency 
method  is  applied,  which  provides  definition  of  humidity  of  a  material  by  the  analysis  of  its 
parameters  in  alternating  electric  field  with  frequency  5  kHz... 50  MHz.  In  most  cases  empirical 
dependences  specific  only  to  one  type  of  GM  are  used. 

For  obtaining  the  generalized  characteristics  of  an  electric  field  in  GM  used  in  the 
process  of  design  and  graduation  of  moisturemeters,  it  is  necessary  to  consider  the  character  of 
electric  field  in  GM. 

In  [1]  it  is  simply  assumed  that  all  the  particles  of  GM  have  identical  and  defimte  form 
and  are  packed  in  a  cubic  lattice. 

For  a  single  spherical  particle,  an  exact  solution  of  the  problem  of  calculation  of  a  can  be 
obtained  with  the  aid  of  the  Laplace  equation  [2,  p.  250]: 

V^<p  =  0. 

Thus  the  field  inside  a  particle  is  represented  as  uniform,  that  is  true  only  in  the  case  of 
absence  of  active  conductivity.  In  calculation  of  the  field  for  a  group  of  particles  of  GM,  it  is 
necessary  to  take  into  consideration  the  fact  that  each  particle  GM  is  surrounded  by  other 
particles,  which  distort  the  field.  That  is  to  accept  the  following  boundary  conditions:  the 
particle  is  limited  by  two  tangents  equipotential  planes,  which  are  perpendicular  to  force  lines 
of  the  uniform  (before  depositing  a  particle)  electrical  field.  Such  a  solution  has  not  been 
obtained  yet. 

However  a  portrait  of  the  field  can  be  obtained,  under  some  assumptions,  without  a 
solution  of  the  Laplace  equation. 

According  to  [1]  a  particle  and  the  medium  enclosing  it  are  divided  into  two  zones:  the 
first  is  the  conductivity  zone  and  the  second  is  the  contact  one  (Fig.  1).  Thus  the  boundary 
between  the  zones  is  assumed  as  an  equipotential  plane  and  in  each  zone  the  field  is  calculated 
separately. 

We  shall  assume  that  the  specific  resistance  of  the  particle  material  pp  is  significantly 
smaller  then  of  the  medium  p^,  (the  space  between  particles  is  filled  by  air),  that  is,  with 
Pp  «  Pm>  considered  in  [3].  As  a  dump  particle  has  not  only  reactive  (capacity),  but  also 
active  part  of  conductivity,  a  picture  of  a  current  field  enables  us  to  consider  the  force  lines  in 
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the  zone  of  contact  of  a  particle  as  the  straight  lines  [4]  outgoing  from  the  point  of  contact;  in 
the  zone  of  conductivity  the  force  lines  are  the  arcs  of  ellipses  [5,  p.  10]. 


Fig.  1.  The  scheme  of  decomposition  of  a  particle  into  zones 

Several  ways  of  calculatton  of  the  field  in  the  zone  of  conductivity  for  the  shaped  as 
ellipsoid  of  rotation,  with  Pp  «  Pm,  are  possible. 

In  161  calculation  is  carried  out  by  the  Roters  method  with  the  mentioned  assumptions 
on  the  picture  of  the  field  (Fig.  2a).  In  case  of  the  picture  of  the  field  after  [6],  the  boundary 
between  zones  should  have,  approximately,  the  shape  of  a  part  of  a  sphere. 


Fig.  2.  The  field  portraits  in  the  zone  of  conductivity  after  [6]  (a),  and  [7]  (b) 


With  a  picture  of  the  field  after  [7],  see  Fig.  2b,  the  calculation  of  the  field  is  done  by  the 
method  of  conformal  mappings,  thus  the  boundary  between  zones  is  a  sort  of  a  hypeAoloid  ot 
rotation.  Essential  difference,  except  for  the  boundary  of  zones,  is  that  in  the  swond  vanant 
the  force  lines  converge  not  at  a  point  of  contact,  but  on  the  line  KK  that  does  no 


correspond  to  a  real  picture.  •  n  rci 

The  relative  difference  of  values  of  active  resistances  at  the  computation  after  [6]  md 

after  [7]  wth  a  relation  of  semiaxes  of  an  ellipsoid  of  rotation  a/b  from  1.5  up  to  1 
decreases  from  33  %  up  to  0.4  %  with  insignificant  change  of  absolute  difference.  It  happens 


for  two  reasons; 

a)  the  forms  of  force  lines  with  an  increase  of  a/b  draw  together;  ,  .  , 

b)  the  influence  of  the  different  forms  of  boundaries  between  zones  insigraficantly 
depends  on  a/b,  and  is  reduced  with  the  growth  of  a/b. 
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Thus,  for  the  final  solution  of  a  problem  about  a  choice  of  the  picture  of  the  field  in  the 
zones  of  conductivity  and  contact,  and,  correspondingly,  the  form  of  the  boundary  between 
zones,  the  solution  of  the  Laplace  equation  for  a  group  of  particles  of  GM  is  necessary. 
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FORCES  OF  INTERACTION  BETWEEN  MACROSCOPIC  OBJECTS 
IN  THE  FIELD  OF  ELECTROMAGNETIC  WAVE 

Nikolay  G.Kokody 

Kharkov  State  University,  Radio  Physics  Departament, 

Kharkov,  310077,  Ukraine 

Mechanical  action  of  electromagnetic  radiation  on  material  objects  (pressure 
or  rotation)  is  exhibited  in  many  physical  phenomena.  It  plays  an  important  role  in  the 
processes  inside  the  stars.  It  influences  on  the  orbits  of  small  particles  which  move  m 
the  space.  In  the  physics  of  condensed  media  the  electromagnetic  (ponderomotive) 
forces  are  exhibited  in  the  electrostriction  effect.  The  radiation  pressure  plays  great 
role  in  the  interaction  of  laser  pulses  with  plasma  in  the  laser-heating  nuclear  fusion 
machine.  It  is  used  for  the  measurement  of  the  power  of  microwave  and  laser 

radiation.  .  ,  j  i.-  *  •  a. 

Ponderomotive  action  of  electromagnetic  field  on  the  isolated  objects  m  tree 

space  has  been  investigated  well,  both  theoretically  and  experimentally.  It  is  not  so, 
however,  when  there  are  two  or  more  objects.  P.  N.  Lebedev  made  such  experiments. 
He  had  not  finished  them,  however.  There  are  modem  publications  on  the  research  of 
the  radiation  pressure  on  a  system,  which  contains  several  dipoles  in  a  waveguide. 
They  investigate  the  case  when  A/a  »  1  (A  is  the  wavelength,  a  is  the  size  of  the 
dipole),  however. 

Ponderomotive  forces  in  the  system  for  two  circular  cylinders,  which  are  placed 
in  the  field  of  a  plane  electromagnetic  wave  are  found  in  the  present  work.  It  is  a 
simple  case  but  its  results  can  be  used  for  a  system  of  other  objects. 

It  is  necessary  to  find  the  electromagnetic  field  in  the  neighbourhood  of  each 
cylinder  for  determining  the  ponderomotive  forces.  This  problem  was  solved  for  two 
identical  cylinders  with  the  radius  a  and  the  complex-valued  refraction  index  w,  placed 
at  the  distance  d  from  each  other.  The  wave  is  incident  normally  to  the  plane,  in  which 

the  cylinders  are  located.  The  ratio  AJa  can  be  arbitrary. 

The  addition  theorem  for  cylindrical  functions  was  used  for  solving  of  the 
problem.  The  formulas  representing  the  sum  of  fields  of  the  incident  wave  and  the 
waves  which  are  scattered  by  cylinders  are  found: 

E  r"  3jykr)-KH^^\krYJlkr) 

W=-00 

(opio  dr  (oidQr  dcp 

where  5=2nd/X, 
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bo,n  is  coefficient  for  a  single  cylinder. 

It  is  necessary  to  solve  an  infinite  matrix  equation  for  finding  the  expansion 
coefficients  b„  .  One  can  limit  the  number  of  equations  based  on  the  physical 
conditions:  radius  of  cylinders,  distance  between  them  and  wavelength  of  the  radiation. 
For  this  problem  l^ax  >=^2p,p= 2m/X. 

The  longitudinal  F]  and  transversal  Ft  the  forces  acting  on  the  cylinders  were 
calculated  through  the  components  of  the  Maxwell  stress  tensor  and  Tr,p  by  using 
the  results  of  the  solution  of  the  previous  problem[  1,2]: 

2k  \  P 

F;  =  j  (t;,  cos(p  -  sirKpjadcp  =  -Qpj  , 

0  ^ 

2it  jp 

Ft=  j  {t„  sincp  +  coscp^adcp  =  -Qp^  , 

0  ^ 

where 

T„  =  -^E,El  +f{HX -HX). 

P  is  the  power  of  radiation  incident  on  the  cylinder,  c  is  the  light  velocity,  Opj  and  Qpt 
are  the  efficiency  factors  of  the  radiation  pressure. 

The  functions  of  Qpi  and  Qpt  versus  the  distance  S  =  are  shown  in  Figs.  1 
and  2.  The  cylinders  are  perfectly  reflecting  (m->oc).  The  electric  vector  of  the  wave  is 
parallel  to  the  axes  of  cylinders. 


p=\ 


/?=10 


5i 

Distance  between  cylinders 


Distance  between  cylinders 


Figure  1 


Figure  2 
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The  dependence  of  the  longitudinal  force  Fi  oscillates  about  the  asymptote, 
which  is  corresponding  to  a  single  cylinder.  The  amplitude  of  oscillations  decreases 

very  slowly.  It  is  still  large  even  with  5=  60. 

The  character  of  transversal  forces  Ft  depends  on  the  value  p.  The  cylinders, 
which  have  small  value  of  a  can  attract  or  push  away  from  each  other  at  the  different 
distances  5  between  them  (see  Fig.  1  for  /?  =  1).  The  direction  of  the  force  depends  on 
the  function  of  distribution  of  currents  on  the  surfaces  of  the  cylinders.  These  current 
interact  with  the  magnetic  field  of  the  wave.  On  the  surface  of  a  single  cylinder  this 
function  is  symmetric  about  the  direction  of  the  wave  vector.  The  symmetry  disappears 
with  the  appearance  of  the  wave  scattered  by  the  neighbouring  cylinder.  The  maximum 
of  the  current  may  be  on  the  inner  or  the  outer  part  of  the  surface  of  cylinder.  The  sum 
of  transversal  forces  is  directed  outside  (in  the  first  case)  or  inside  (in  the  second  case) 
of  the  cylinders,  which  are  pushed  away  or  attracted,  respectively. 

When  p  »  1,  the  cylinders  are  pushed  away  only  (see  Fig.  2  for  p  =10),  since 
the  wave  scattered  by  one  cylinder  does  not  circle  the  surface  of  the  second  cylinder. 
The  maximum  of  the  surface  current  is  always  on  the  inner  part  of  the  surface  of  the 
cylinder. 

The  efficiency  factors  of  the  radiation  pressure  are  well  approximated  by  the 
following  formulas: 

4  4  p^  f)  _P_ 

25' 

The  magnitude  of  the  transversal  forces  decreases  as  1/d. 

General  behavior  of  the  forces  remains  the  same  for  the  other  polarization  of  the 
wave  and  in  the  cases  when  the  cylinders  have  a  finite  real  or  complex-valued 
refraction  index.  Only  the  magnitudes  of  the  forces  vary. 
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ANALYSIS  OF  THE  OERSTED  EXPERIMENTS 


Yu.A.  Branspiz,  A.A.  Kovalevsky 

East  Ukrainian  State  University 
sq.  Molodegniy,  20-a,  Lugansk,  348034,  Ukraine 

Abstract  Analytical  solution  is  given  of  the  problem  about  an  angle  of  deviation  of  magnetic 
arrow  for  want  of  modification  of  a  distance  between  it  and  conductor  with  a  current  in 
experience  of  Oersted.  Existence  of  a  maximum  in  the  dependence  of  the  indicated  angle  on 
the  distance  is  revealed. 


The  experiments  of  Oersted  on  the  force  acting  due  to  a  conductor  with  current  on 
magnetic  arrow  are  considered  now  mainly  as  a  historical  feet  [1-3].  The  mentioning  the 
Oersted  experiments  is  present  basically  in  the  textbooks  where  attention  is  paid  purely  to  the 
fact  of  the  force  action  of  magnetic  field  of  a  current  on  the  magnetized  substance.  However, 
the  experiments  of  Oersted  by  no  means  should  be  "given  up"  to  the  history.  They  contain  an 
interesting  material  for  the  problems,  which  can  be  included  in  the  modem  teaching  of  the 
theory  of  electromagnetism.  A  review  of  one  of  such  problems,  namely  the  problem  about  a 
force  action  of  conductor  with  current  on  magnetic  arrow  parallel  to  the  conductor  (in  the 
absence  of  current)  is  given  in  this  work.  Analytical  approach  to  a  solution  of  this  problem 
enables  us  to  obtain  new  results  about  the  angle  of  deviation  of  magnetic  arrow  due  to  the 
indicated  force  action. 

Oersted  himself  wrote  the  following  about  the  angle  of  deviation  of  magnetic  arrow 
originally  parallel  to  a  conductor  with  current,  [3]:  "  If  the  distance  from  a  wire  up  to  arrow 
does  not  exceed  3/4  inches,  the  deviation  makes  about  45°.  If  a  distance  to  increase,  the  angle 


Our  goal  is  to  update  this 
qualitative  solution.  To  this  end 
we  model  a  magnetic  arrow  as 
two  magnetic  charges  of  opposite 
sign  (fictitious  charges)  located 
on  the  arrow  tips,  that  quite 
corresponds  to  the  modem 
representations  about  permanent 
magnets  with  homogeneous 
magnetization  [4].  Then,  the 
force  action  of  magnetic  field  of 
a  conductor  with  current  on  the 


PjQ  j  magnetic  arrow  of  length  2i, 

located  at  the  distance  h  from 
conductor,  is  equivalent  to  the 
force  actions  of  this  magnetic  field  (force  F„^  onto  the  indicated  fictitious  magnetic  charges. 
This  force  action  is  counterbalanced  by  the  force  action  of  magnetic  field  of  the  ground  (force 
onto  the  active  magnetic  charges  of  the  arrow. 

In  Fig.l  the  top  view  (Fig.l,  a)  and  axial  aspect  (Fig.l,  b)  of  an  equilibrium  of 
magnetic  arrow  in  the  horizontal  plane  (we  neglect  the  earth  magnetic  field  tilt)  is  shown. 
Equilibrium  is  achieved  under  condition  of  moment  equality  of  indicated  forces  concerning  a 
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central  suspension  of  magnetic  arrow  (point  About  in  Fig.  1): 


If  one  takes  into  accoimt  that  the  forces  Fm  and  Fs  are  proportional  to  the  strength  of  magnetic 
field  {Hm  and  respectively,  Fig.l)  then  instead  of  (1)  it  is  possible  to  write 

Hjjj.  •  cosa  =  i/3  •  sina .  (2) 

If  we  consider  equality  (2)  as  an  equation  concerning  the  angle  a,  then  on  solving  it  we  can 
obtain  the  dependence  of  the  angle  a  on  all  the  parameters  of  the  problem  including  the 
distance  h.  However,  a  direct  solution  of  (2)  for  a,  is  rather  complicated  and  inconvenient  for 
the  analysis.  These  inconveniences  can  be  avoided  if  we  consider  the  relation  (2)  as  an 
equation  for  the  distance  h  that  brings  us  to  the  following  equation: 

- ^ — ctgor-A+^^-sin^a=0 ,  (3) 


whose  solution  is  given  by 
h 


4nH. 


-ctga  ± 


AnH. 


-ctga 


(4) 


This  solution  enables  us  to  construct  the  function  h  =  h{a\  whose  inverse  is  the  required 
dependence  a  =  a{h).  So  the  properties  of  the  dependence  a{h)  are  determined  by  the 
properties  of  the  right-hand  part  of  the  formula  (4).  In  particular,  it  is  possible  to  deduce  from 
it  the  existence  of  a  limiting  angle  a  =  ao.  which  the  formula  (4)  is  meaningful.  This 

limiting  angle  a,,  is  determined  by  equaling  to  zero  the  radical  in  this  formula: 


«(,  =  arcsin 


AiUjl  j 


l_i 

^4  2 


J 


(5) 


FIG.  2 

determined  by  the  equation  (see(4)): 


From  the  form  of  the  right-hand  part  of  the 
formula  (4)  it  is  possible  also  to  see  the  following. 
If  the  distance  h  is  varied  in  a  leg  of  a  diminution 
after  some  large  value  (it  means  that  the  increase 
of reduces  in  a  diminution  a),  the  angle  a  will 
at  first  increase,  and  then,  after  some  distance  ho 
(the  value  a^  corresponds  to  this  case),  it  will 

decrease.  This  qualitative  description  of  the 
dependence  of  the  angle  a  on  the  distance  h  is 
presented  in  Fig.2. 

The  value  of  the  distance  h  (h  =  h^,  for 
which  the  angle  «  has  maximum  value,  is 


ho  =^-sinao 


(6) 


Note  that,  according  to  Fig.l,  from  the  formula  (6)  it  follows  that  in  the  considered 
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experiment  there  is  always  an  angle  of  a  maximum  deviation  of  magnetic  arrow  from  the 
direction  of  the  axis  of  the  wire.  It  is  achieved  if  the  angle  P  (Fig.l,b)  is  45  ,  as  in  this  case 
{a  =  a  q)  the  distance  ho  is  equal  to  the  horizontal  deviation  of  the  top  of  the  arrow  from  initial 
position. 

This  feature  of  the  dependence  a-a  {h)  corresponds  to  what  had  been  noted  in  the 

Oersted  experiments,  only  for  rather  large  distances  h  (i.e.,  for  small  A).  So,  from  the  formula 
(4),  it  is  easy  to  obtain  the  following  dependence  of  the  angle  of  deviation  on  the  distance  h, 
provided  that  h  is  large: 

iTtHs  h 

This  fact  was  noted  by  Oersted  as  a  decrease  of  the  angle  of  deviation  of  magnetic 
arrow  from  its  initial  position  when  increasing  the  distance  between  conductor  and  this  arrow 

[3]- 

Concluding,  we  remark  that  the  first  of  the  authors  of  the  given  work  made  an 
experiment  with  magnetic  arrow  of  a  tourist  compass  and  a  conductor  of  diameter  of  6  mm  (in 
isolation)  with  the  current  of  4  to  8  A.  Stabilization  of  the  angle  a  from  distance  of  10  to  15 
mm  and  up  to  a  maximum  approaching  of  magnetic  arrow  to  conductor  was  observed.  To 
detect  the  effect  of  decrease  of  the  angle  A  when  decreasing  further  the  distance  h  in  this 
experiment  was  not  possible. 
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METHOD  OF  ASYMPTOTIC  PERTURBATION  OF  FUNDAMENTAL 
SOLUTION  AND  ITS  APPLICATION  TO  PROBLEMS  OF  WAVE  FIELD 

INVESTIGATION 

Victor  I.  Selin 
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Abstract.  Major  points  of  a  new  method  of  calculation  of  integrals  containing  the  Bessel  function 
are  summarized.  On  the  basis  of  the  method  of  asymptotic  perturbations  of  the  fundamental 
solution  the  results  of  the  analysis  of  fields  in  a  layered  structure  are  obtained.  The  leading  terms 
of  the  asymptotic  behavior  of  the  fields  in  layered  structure  are  obtained. 


Many  problems  of  mathematical  physics,  including  the  problems  of  calculation  of  fields  in  a 
layered  medium,  are  reduced  to  the  calculation  of  integrals  of  the  following  type  [1,2]; 

on 

Hr,z)=\j,{Xr)F{K^)d?i,  (1) 

0 


where  Jo  (z,r)  is  the  cylindrical  Bessel  function  of  the  first  kind  and  zero  order,  F(X,  z)  is  a  function 
determined  fi'om  the  solution  of  a  boundary  value  problem  for  an  ordinary  differential  equation. 

In  work  [3],  the  method  of  calculation  of  integrals  (1),  based  on  their  consideration  as 
integral  representations  (perturbed  by  the  differential  in  general  sense  operators)  of  the 
fiindamental  solution  of  the  operator  of  mathematical  physics  was  offered.  With  a  reference  to  the 
problems  associated  with  the  Laplace  operators,  we  formulate  such  an  approach  as  the  following 


Theorem  1. 

Suppose  that  it  is  possible  to  decompose  the  function  F(X,2)  in  (1)  in  terms  of  the  series: 


F{X,  z)=  exp(-  Jiz)  f(X)  =  exp(-  Azy. 


'^a„X”,0<X<X 


«=0 


°0  jy 

La  5  n  ’ 
«=1  ^ 


(2) 


Then  (1)  can  be  presented  as  an  operator  function: 


exp{-Az)f{X)  dX  = 


^dz]R  ;;ro  oz  yjz^+r 


— —  \<4z^  +r^ 

dz”J7^ 


•  (3) 


+r  <1 


Inside  Us  domain  of  convergence,  series  (3)  can  be  differentiated  in  term  by  term  manner. 

Representations  (2),  (3)  are  down  in  a  limiting  form  valid  if  the  function  F(Xz)  is  infinitely 
differentiable  function.  Request  now  that  F(Xz)  has  n  continuous  derivatives,  and  the  (n+l)-st 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


244 


MMET98  Proceedings 


derivative  is  bounded.  Then  the  infinite  series  in  (2)  and  (3)  should  be  replaced  by  finite  sums.  In 
this  specific  case,  when  z^O  in  the  area  r>l  of  (3),  we  shall  obtain  the  result  known  fi-om  the  basic 
A.  N.  Tyhonov  theorem  of  his  woric  [4]. 

Further  we  write  down  the  representations  similar  to  (2)  and  (3)  for  the  integral  (1)  in 


problems  with  the  Helmholtz  operator. 

Theorem  2. 

Suppose  that  it  is  possible  to  decompose  junction  F(A,z)  in  (1)  in  terms  of  the  series: 


F(A,z)= 


exp(-T}z)Ji  ^  exp{-nz)Jl 


V 


V 


'Y,a„Ti”,0<T]<'n* 


«=0 


«=i  V 


(4) 


Then  (1)  can  be  presented  as  an  operator  function: 
exp(-t;r)A 


/■'.a'-)- 


n 


-mdx= 


/ 


\dzj 


=  jlexp(M) 

R  ^  "0z"  i?  ’ 


/ 


rz  \ 

]dt 

V.0  J 


exp(/M)  ^  (- 1)”  a_„  j-  {z  -  exp(/i 
R  ii  («-l)  I 


ik-Jt 


2 


(5) 


dt,  0<kR<l 


where  -k^ ,  k  is  a  constant  value,  R=^jz^+r^  . 

Inside  its  domain  of  convergence  series  (5)  can  be  differentiated  in  term  by  term  manner. 

The  series  (3),  (5)  are  analogous  to  the  Taylor  series  with  reference  to  the  integrals,  which 
are  solutions  of  boundary  value  problems  for  the  operators  of  mathematical  physics.  In  this  sense 
the  representation  (3)  and  (5),  in  the  domain  of  their  convergence,  are  identities.  With  reference  to 
the  problems  of  wave  field  investigation  these  formulas  serve  as  a  generalization  of  the  principles 
of  Huygens  and  of  superposition  of  waves. 

In  practice,  one  uses  a  finite  number  of  terms  fi’om  (3),  (5).  For  finding  the  asymptotic 
behavior  of  integrals  (1),  sometimes  it  is  sufficient  a  knowledge  of  the  first  term  of  the  series  (5) 
only.  For  calculation  of  surface  waves  along  the  interface  of  media,  it  is  possible  restrict  the 
anedysis  by  the  quadrupole  («=2  in  (5))  approximation  of  the  fundamental  solution  of  the  wave 
equation  with  the  Helmholtz  operator.  In  some  cases  the  fundamental  solution  corresponding  to 
n=0  in  (5)  is  enough. 

As  an  analysis  model,  we  shall  consider  the  structure  presented  in  Fig.l.  Integral  V(r,z) 
corresponds  to  the  single  non-zero  z  -  component  of  the  Green's  tensor  function  of  the  layered 
medium.  The  principal  values  of  the  integrals  V(r,+0)  and  V(r,-H-0)  determine  the  surface  waves 
at  the  part  of  external  interface  of  the  layered  structure.  It  is  possible  to  calculate  these  integrals, 
V(r,+0)  and  V(r,-H-0),  in  the  quadrupole  approximation  of  the  fundamental  solution  of  the  wave 
equation.  The  values  ofV(r,+0)  and  V(r,-H-0)  decrease  with  distance  as  Hr^ .  Integral  V(r,z)  with 
a  source  at  the  interface:  z'-^O  at  ze[0,-H],  can  be  calculated  in  the  approximation  of  the 
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fundamental  solution  of  the  wave  equation.  This  approximation  determines  a  communication  wave 
of  the  layered  medium 


l  +  -1 


^2  a/^I  ^ 


/z’+r’ 


^j{z  +  2Hf+r^ 


+ 


+0 


2  J 
z  +  ^IH 


{z  +  lHj+r^ 


,z€[0,-HJ. 


lfz->  -0,  Vc  becomes  a  communication  surface  wave  of  a  layer  at  the  interface  with  a  source 


VXr-Oh 


l  +  -1  KH  + 


^2a/^1  ^ 


exp(/A:/) 

W  “  1 

11 

r 

44H^+r^ 

‘2  y 


The  presence  of  the  interface  of  the  media  at  z=-H  results  in  the  behavior  of  the  field  on  the 
internal  interface  of  a  layer  with  a  source  as  ~  I/r. 


Inr 


Fig.1.  Model  of  layered  media 
with  one  layer. 


Fig.  2.  Scheme  of  the  principal-value 
integrals  V  (r)  of  layered  structure. 


In  Fig.2,  the  behavior  of  the  principal  value  of  integral  V(r)  of  the  layered  structure  is 
shown,  depending  on  the  position  of  coordinate  z  of  the  point  of  observation.  This  scheme  shows 
the  domains  of  communication,  Geometric  Optics  field  (In  T—-1),  and  that  of  the  field  decreasing 
according  to  the  law  ~7/i^  (In  r=-2),  including  surface  waves  of  layered  structure.  The  scheme 
clearly  demonstrates  the  properties  and  the  essence  of  the  concept  of  communication  waves  in  a 
layered  media. 
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Introduction.  Analysis  of  antennas  and  scatterers,  located  in  a  close  proximity  to  the  air/ground  interface  is  concerned 
with  calculation  of  Sommerfeld  type  improper  integrals  [1].  This  problem  has  no  rigorous  solution  in  a  closed  fom, 
therefore  it  is  solved  either  by  numerical  integration  or  with  the  use  of  approximatioa  Amoi^  the  latter,  widespread  are 
the  methods  of  the  high-contrast  approximation  (HCA)  [2]  and  of  the  reflection  coefficient  (RCM)  [3],  which  are 
convenient  for  application  but  always  have  not  a  high  accuracy.  The  purpose  of  the  present  paper  is  development  of 
more  accurate  expressions  for  evaluating  near  fields  of  an  infinitesimal  electric  dipole  located  over  the  lossy  half-space. 
We  assume  that  the  dipole  is  located  at  a  point  M'i0,0,h  >0)  in  the  cylindrical  coordinate  system  (r,<p,  z),  and  the 
plane  z  =  0  separates  the  homogeneous  material  half-spaces.  The  upper  half-space  (z  >0)  is  a  medium  1  with  the 
permittivity  El  ,  permeability/ii  and  conductivity  aj  =  0  (air),  and  the  lower  half-space  ( z  <  0 )  is  a  medium  2  with  the 
electrical  parameters  £2,^2. <72  (ground).  Besides,  it  is  assumed  that  the  dipole  cunent  has  a  unit  amplitude  with  a 
hamonic  time  dependence  exp(jmf).  Weexamine  the  radiated  field  from  an  electric  dipole  into  the  medium  1  and  take 
account  of  two  dipole  orientation  cases:  one  is  along  the  axis  z  (vertical  dipole)  and  the  other  is  along  the  radius  r  at 
(p  =  0  (horizontal  dipole). 

Vertical  electric  dipole  (VED).  The  Hertzian  potential  of  the  VED  field  has  az-component  only  [1]: 

1 

-  «  _  _ _  _ _  i  C  ^  y  ^  -r  y  s  1.. 


n(M)  =  z'’n 


where  H,,  {M )  =  G{R^ )  +  G(I?2)  +  AO, 


:  j4(v)-^o(vr)exp(-7,C)£?v , 


/  (v)=  ,  ,  Rj=.jr^  +  (z-hf,  I^2=/r2+C^  ^  =  Z  +  h,  y,,2  =Vv^ -^,^2  >  h=(o4^i, 

k^Yi+kfr^ri 

h  -  jOi!  coe2)P2  =  ^  is  the  Green  function  of  the  free  space,  J„{x)  is  the  Bessel 

function  of  order  m,  {r,(p,z)  are  coordinates  of  an  observation  point  M.  The  correction  term  AIIj^  is  expressed 
through  the  Sommerfeld  type  integral,  where  the  integrand  has  two  branch-points  v  =  kj  and  v  =  1:2  ,  in  the  vicinities 
of  which  the  sharp  bursts  are  observed.  When  \k2\  >  |^:i|  it  can  be  presumed  that  the  contribution  of  the  point  v  =  ^2  ^ 
the  integral  value  is  considerably  smaller  than  of  the  point  v=ki  due  to  the  decreasing  exponential  factor.  Taking  this 
into  account,  we  reduce  the  algebraic  factor  of  integrand  to  the  following  form; 


2k^  ■  7^2  ■  V  _  .  2^1  V 


where  n  =  ^2/^1  > 


that  enables  flie  integral  in  the  expression  for  AH^  to  be  transformed  as  follows  [2]: 


4?ri  yf  i^t^-irlR^f 

We  expand  the  denominator  of  the  integrand  in  the  latter  expression  in  the  power  series  and  then  we  can  find  the 
required  expression  for  AIl^ 

AO  _  1  D  ^  nt 


where  I{r,R2)  =  —  >  K 

m  m=0 


r[,,=-y-^7(r,/{2), 
n  +  1 

13-5...(2m-l)r  r  ' 
2-4 -6. ..2m  1 1?2 ; 


7  exp(-zt) 


is  the  exponential  integral  [4].  The  series  (1)  is  fast  convergent  and  its  calculation  usually  requires  no  more  than  3  or  4 
terms.  The  general  term  can  be  easily  obtained  using  the  recurrent  formulas: 

exp(-  ikK)  ( .  jkR  )  (kR)^  „  ,  ■id\  a  ^  a  a— 1 

E2..,ijkR)  =  j"  2m(2m-l)  ^ "  2m  [R2J  ’ 

EiijkR)  =  -ci(kR)  +  jsi{kR),  si(x)  andci(x)  are  die  sine  and  cosine  integrals. 
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Horizontal  electrical  dipole  (HED).  The  Hertzian  potential  of  the  HED  field  has  two  components; 
n  =  +  z°njy.  .  We  consider  first  the  vertical  component  of  the  Hertzian  potential,  tiiat  is  defined  by  die 

equation  [1]: 

=  -^^|/„(v)yi(vr)exp(yi(yv ,  where  /„(v)  =  ■ 

An  0  ^2/1  M  72 

We  shall  simplify  the  fimction  /^  ( v)  in  two  ways.  At  first  we  proceed  die  same  way  as  in  the  VED  case; 

,.2  ^  n  — Iv 


/»“2V' 


^2yi[i+(*iA2)] 


The  substitution  of  diis  approximation  in  the  integral  yields; 


k2  n  +  l  Yi 

2  n-1  d 


(2) 


-T/ii'  »V2  y  f  L  ^ 

In  the  second  way,  before  a  simplificadon  of  the  function  /„  ( v) ,  we  present  its  denominator  as  the  sum  of  the  squares; 

n  n  O.  -.9.4  9,  2 


f  (v\  2v2  ■  ^2  *271  - ktri  „  AZ!!i1v2  _ 

/a(V)  =  2V  ,2..  .  ,2  7,2..  ,2..  2  y 


^271  +  ^iVz  7i  -  *2  1  ^2  - 1  7i  7i^ 


,  2 

V+I 

■ d  ^ 

and  obtain 

n^(M)=:-COS(p^^ 

K2 

n^-1 

^^^dr  drdC_ 

ik2-^/(r,i?2) 

c^r 


(3) 


^  UllV  kJVJLAV/k^  \^/  - - 

'i+Ji_(,/Rj^TG(/f2)+;^i^^Vi^2.(;M2) 


(4) 


^  ‘  V  '  - 

Calculations  with  the  use  the  formulas  (2)  and  (3)  enabled  us  to  establish  that  the  deviations  of  H'^  ( Af )  and  H"  (M) 
from  the  exact  value  are  rather  close  in  magnitude  but  have  opposite  signs,  so  the  best  approximation  is  given  by  their 

mean  value:  ^  ^  . 

n^(M)=o.5[n'„(M)+n;(M)]. 

The  horizontal  component  of  Hertzian  potential  of  the  HED  field  is  expressed  in  the  following  form  [1]. 
n„(M)  =  G(7?i)-G(l?2)  +  An„,  An„=^|/„(v)io(vr)exp(-y,0^v  /«(v)  =  — 

The  fimction  f^{v)  cm  be  approximated  in  two  vrays  as  well; 

..  •  2v  .  .4.  ,  2v  71-72,.  2yiV-j2fc2V 

/«(v)=  ^  ^  7i +  72  71-72  <:i^(«^-l) 

from  which  it  follows  that 


An'^(M)  =  j 


and 


ArijpjCM)-  2,  2  -jx 

ki(n  -1) 


d 


G(R2) 


G(«2) 


(5) 

(6) 


Expression  (6)  is  equivalent  to  similar  one  in  [7],  where  it  was  obtained  by  using  the  Fourier  transform  method  (FTM). 
Numerical  results.  The  calculations  were  earned  out  for  the  case  well  known  from  the  literature  [5,6];  £i  =£o  > 
e2/£i=10,  M2=Mi  =  /io.  CT2=0.01(Q  m)-\  R2=l0m,  02  =arctan(r/O  =  10° ,  <P  =  0.  The  results  of 

calculation  of  by(l),  n„  by(3),(4)  and  An„  by(5),  (6)  are  presented  in  the  Tabs.1-3.  For  a  companson 

here  are  given  also  the  exact  values  obtained  by  a  numerical  integration  method  and  the  results  of  calculation  by  >^8  of 
the  HCA-method  [2].  Besides,  numerical  results  of  calculation  by  the  RCM  and  FTM  methods  are  taken  from  [5],  [  ] 
included  in  Tabs.2, 3. 

Conclusions.  Comparative  analysis  of  tiie  numerical  results  shows  that  the  derived  foimute  ens^  rather  hi^  awmey 
of  the  Hertzian  potential  calculations  for  the  vertical  or  horizontal  electric  dipoles  over  the  lossy  half-space.  Si^hcity  of 
the  formulas  and  absence  of  numerical  integrations  makes  them  convenient  for  many  electromagnetic  app  cations. 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


248 


MMET’98  Proceedings 


Table  1 .  The  correction  term  AIl^  for  Z-component  of  the  VED  Hertzian  potential 


Rjk 

RCM,  from  [5] 
Xl04 

HCA 

xl04 

Present,  eqn.  (1) 
xl04 

Exact  results 
xlO^ 

0.033 

-10.0  -j  5.45 

-  0.76  -j  4.12 

-  0.90  -j  3.88 

-  1.00  -j  4.16 

2.0 

0.05 

-15.2  -j  3.81 

-  4.46  -j  7.16 

-  4.55  -j  6.39 

-  4.93  -j  6.87 

3.0 

0.1 

-18.8  +j  0.05 

-  9.48  -j  7.77 

-  9.15  -j  6.46 

-  9.95  -j  6.92 

6.0 

0.2 

-18.7  +jl6.6 

-21.16  +j  3.86 

-18.20  +j  4.97 

-19.56  +j  5.82 

9.0 

0.3 

-4.08  +j28.5 

-15.93  +j23.30 

-11.75  +j20.97 

-11.80  +j22.90 

12.0 

0.4 

16.3  +j26.7 

5.00  +j32.76 

6.52  +j26.83 

8.09  +j28.14 

15.0 

0.5 

31.1  +jll.2 

28.26  +j23.53 

24.67  +j  17.30 

26.69  +jl6.98 

18.0 

0.6 

32.5  -jlO.8 

39.46  -j  0.48 

31.82  -j  2.85 

32.96  -j  4.48 

21.0 

0.7 

19.5  -j29.3 

31.62  -j26.87 

23.76  -j23.32 

23.45  -j25.18 

24.0 

0.8 

-2.43  -j35.7 

7.92  -j42.31 

4.06  -j34.05 

2.65  -j35.14 

27.0 

0.9 

-23.9  -j27.3 

-20.74  -j39.08 

-18.31  -j29.89 

-19.98 -j29.78 

30.0 

1.0 

-35.9  -  j  7.42 

-41.31  -il8.30 

-33.37  -112.54 

-34.48  -ill.43 

Table  2.  Z-component  11^  of  the  HED  Hertzian  potential 


F, 

MHz 

HCA 

xl05 

FTM,from[6] 

Xl05 

Present,  eqn.  (2) 
xl05 

Present,  eqn.  (4) 
xlO^ 

Exact  results 
xl05 

3.0 

6.0 

9.0 

12.0 

15.0 

18.0 

21,0 

24.0 

27.0 

30.0 

-39.54  +j53.60 
-16.54  +j60.59 
16.26  +j64.13 
51.68  +j47.29 
72.77  +j  9.50 
66.91  -j36.11 
33.61  -j70.49 
-14.96  -j78.28 
-59.38  -j55.02 
-81.43  -  i  9.19 

-45.0  +jl9.6 
-20.1  +j41.6 
9.95  +j45.6 
36.2  +j30.6 
47.6  +j  2.87 
40.0  -j25.7 
16.9  -j43.7 
- 12.2  -j44.2 
-36.0  -j27.3 
-45.2  +  j0.42 

-24.75  +j48.90 
-  2.59  +j47.05 
21.21  +j41.04 
40.34  +j22.56 
46.08  -j  4.42 
35.10  -j30.20 
11.04  -j44.93 
- 17.07  -  j42.90 
-38.92  -j24.78 
-45.99  +  i  2.62 

-34.82  +j33.84 
-11.80  +j44.04 
15.03  +j43.56 
38.03  +j27.01 
46.93  -j  0.58 
37.59  -j28.24 
13.66  -j44.95 
-15.45  -j44.26 
-38.46  -j26.60 
^6.63  +i  1.13 

-34.51  +j28.69 
-14.08  +j43.14 
13.90  +j44.36 
37.95  +j27.81 
47.21  -j  0.19 
37.86  -j28.13 
13.85  -j44.94 
-15.29  -j44.30 
-38.33  -j26.70 
-46.56  +i0.97 

Table  3.  The  correction  term  Afl^  for  X-componentofthe  HED  Hertzian  potential 


F, 

MHz 

RCM,  from  [6] 
xl04 

HCA 

xlO'^ 

Present,  eqn.  (5) 
xl04 

Present,  eqn.  (6) 
xl04 

Exact  results 
xl04 

3.0 

18.30  +j0.0076 

22.42  -j30.40 

18.23  -j29.07 

24.40  -  j  17.29 

21.45  -jl9.75 

6.0 

18.30  -jl6.1 

9.38  -j34.36 

5.43  -j30.52 

11.56  -j26.64 

9.98  -j27.24 

9.0 

4.11  -j27.7 

-9.22  -j36.37 

-10.63  -j29.82 

-5.27  -j29.88 

-6.48  -j29.82 

12.0 

-15.70  -j26.2 

-29.31  -j26.82 

-26.09  -jl9.81 

-22.51  -j22.39 

-23.38  -j21.83 

15.0 

-30.30  -jll.l 

41.27  -j  5.39 

-33.70  -j  1.44 

-32.53  -j  5.09 

-32.91  -j  422 

18.0 

-31.80  +jl0.4 

-37.95  +j20.48 

-28.93  +jl8.80 

-30.05  +j  15.60 

-29.86  +jl6.45 

21.0 

-19.20  +j28.5 

-19.06  +j39.98 

-12.66  +j32.73 

-15.22  +j31.05 

-14.60  +j31.59 

24.0 

2.15  +j34.9 

848  +j44.40 

9.11  +j34.36 

6.33  +j34.58 

7.10  +j34,62 

27.0 

23.20  +j26.9 

33.68  +j31.20 

27.87  +j22.63 

25.98  +j24.34 

26.57  +j23.93 

30.0 

35.10  +i  7.5 

46.18  +i  5.21 

36.13  +i  1.86 

35.71  +i  4.18 

35.91  +i  3.54 
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NONLINEAR  THEORY  OF  RELATIVISTIC  MICROWAVE  ELECTRON  DEVICES 

V.Chursin,  E.  Odarenko,  A.  Shmat’ko 
Dept,  of  Radiophysics,  Kharkov  State  University, 

Svobody  Sq.,  4, 310077,  Kharkov,  Ukraine 

1.  Introduction 


The  increase  of  output  power  is  an  important  task  of  the  theoretical  and  experimental 
research  of  resonant  oscillators  of  millimeter  and  submillimeter  waves  (orotron,  ^ffraction 
radiation  generator,  laddertron,  ledatron,  etc.).  It  is  well  known  that  the  application  of 
relativistic  voltages  for  acceleration  of  electron  beams  in  millimeter  wave  oscillators  allows  to 
obtain  high  levels  of  output  power  of  radiation.  Dynamic  relativistic  variation  of  the  electron 
mass  can  considerably  change  the  character  of  the  electron-wave  interaction  process.  This 
effect  is  essential  if  the  magnetic  guide  field  strength  is  limited  or  dc  focusing  field  is 
nonuniform.  In  this  case  the  transverse  electron-wave  interaction  and  to  motion  of  electrons 
in  the  tmsverse  direction  should  be  taken  into  account,  and  for  a  theoretical  description  of  the 
device  a  multi-dimensional  model  should  be  applied. 

2.  Theoretical  model 

We  consider  the  following  model  of  a  resonant  relativistic  oscillator.  A  sheet  electron 
beam  is  passing  through  the  resonator  (cavity  or  open  one)  near  to  the  slow-wave  structure 
surface.  The  electron  beam  is  subjected  to  the  dc  longitudinal  magnetic  field  applied  in  the  y 
direction.  The  focusing  field  can  be  nonuniform  in  general  case.  The  rf  field  is  assumed  to 
have  fixed  spatial  structure  and  change  slowly  in  the  scale  of  the  electron  transit  time  through 
the  resonator.  This  is  justified  if  the  oscillatory  system  has  sufficiently  large  value  of  the 
quality  factor. 

For  a  self-consistent  description  of  the  electron-wave  interaction  process,  we  start 
from  the  Maxwell-Lorentz  equations,  which  can  be  written  assuming  the  ordinary  for 
resonant  devices  approximations  in  the  following  form  [  1  ]; 

bEleMj(ot)diojtW,  (1) 

—  =  li-jE+vx.8-4(v^|;  (2) 

dtmji  c  J 

where  Cg  is  the  complex  amplitude  of  rf  oscillations  of  the  s  -th  resonator  mode.  The 
components  of  the  electric  field  strength  vector  E  -  (o,Ey,Ej)  are  given  by: 

Ey  =  Csfiy)Wy  (z)  exp[/(^  - 

E,  =iCsf(y)yr,{z)&qp[i{fiy-a}t)] 

The  functions  /  and  define  the  longitudinal  (along  the  coordinate  j)  and 

transverse  (along  the  coordinate  z )  spatial  distribution  of  the  s  -th  resonator  mode  field. 
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respectively;  Ng  =ejJ[jE^|  dV  is  the 

V 

modal  norm;  +  m'g  /  IQg  is 

the  fundamental  complex  frequency 
of  the  j-th  mode;  Qg  is  the  resonator 
quality  factor;  m  is  the  generation 
frequency;  J  is  the  convection 
current  vector  of  the  beam;  e,/Wa  are 

the  electron  charge  and  rest  mass, 
respectively;  v  is  the  velocity  vector 
of  the  electron;  c  is  the  light  velocity; 

Y  =  t  ,  B  is  the  magnetic 
displacement  vector;  fi-colVp\,  Vp 
is  the  phase  velocity  of  the  slow  wave. 

The  equations  set  (1,2)  is 
resolved  numerically.  Preliminary 
results  are  obtained  for  different 
values  of  magnetic  displacement  of 
uniform  focusing  field. 


Fig.l 


Fig.  2. 


Fig.3. 


Discussion 

The  efficiency  dependences  upon  the  parameter  O  =  (l-Vo/Vp)(at/Vo  for  the 
different  values  of  (  y^  normalized  cyclotron  frequency  (O^lo)  =eBlmQ} 
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are  shown  in  Figs.  1, 2  and  3.  Solid  curves  correspond  to  a  drooping  regime  of  the  oscillations 
excitation  and  dotted  curves  correspond  to  a  hard  regime.  All  graphs  are  plotted  for  the  fixed 
value  of  the  beam  current. 

Dependences  7;(<I>)  for  the  value  /  ro  =  0.4  are  shown  in  Fig.  1 .  Electron  trajectories 

can  be  assumed  linear  in  this  case.  A  relativistic  factor  increase  results  in  the  generation  zone 
narrowing  and  efficiency  enhancement.  These  results  correspond  to  the  one-dimensional 
theory  of  relativistic  resonant  oscillator.  Hence,  the  longitudinal  electron-wave  mteraction  is 
the  basic  energy  exchange  mechanism  between  electrons  and  rf  field  in  the  case  ot 
£»_,  I  m  =0.4.  The  cyclotron  frequency  decrease  results  in  the  narrowing  of  the  hard  excitation 
regime  domain  and  efficiency  reducing  for  all  the  values  of  relativistic  factor  (Fig.2,  3).  Note 
that  here  /®  =0.15  (Fig.2)  and  G)^/fi>=0.1  (Fig.3). 

It  should  also  be  noted  that  the  maximum  efficiency  value  almost  does  not  depend 
upon  the  parameter  n  at  /®  =0.1  (Fig.3).  Furthermore  the  electron  hysteresis  (especially 
nonlinear  phenomenon)  is  absent  in  this  case.  The  additional  calculations  showed  that  the 
focusing  field  displacement  decrease  results  in  the  particles  settling  onto  the  slow-wave 
structure  surface.  The  electrons  which  interact  with  the  most  intensive  rf  field  are  settling 
first  Therefore  the  settling  of  the  electrons  results  in  the  change  of  relation  between  the 
electrons,  which  interact  with  damping,  and  the  accelerating  rf  electric  field  of  the  slow  wave. 
Conditions  of  the  electron-wave  interaction  may  be  changed  significantly  in  this  case  ■ 
and  efficiency  changes  as  well.  If  the  electrons  interacting  with  the  damping  rf  field  are 
settling  onto  the  grating,  the  efficiency  decreases.  On  the  other  hand,  the  settling  of  the 
accelerated  electrons  may  be  a  reason  of  the  efficiency  enhancement  [2],  ,  .  . 

In  the  considered  situation  (uniform  focusing  field),  the  electron  settling  results  in  the 
efficiency  decrease.  To  obtain  the  efficiency  enhancement  one  should  use  a  nonuniform  dc 
magnetic  field  [2]. 


3.  Conclusions 

The  efficiency  of  the  relativistic  resonant  0-type  oscillator  depends  upon  the  focusing 

field  displacement  value.  ,  .  ,  j 

The  settling  onto  the  slow-wave  structure  surface  results  in  the  efficiency  decrease. 
Moreover  efficiency  reduction  is  more  significant  in  the  relativistic  case  in  comparison  with 
nonrelativistic  case. 
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MAGNETIC  FIELD  DISTRIBUTION  FOR  SUPERCONDUCTORS 
WITH  ROTATIONAL  SYMMETRY 

V.  Ivaska,  V.  Jonkus,  and  V.  Palenskis 

Vilnius  University,  Department  of  Radiophysics,  Sauletekio  al  9,  2040  Vilnius,  Lithuania 

Abstract  Some  studies  on  the  magnetic  flux  trapped  in  a  hollow  superconductor  and 
an  applicability  of  the  hollow  superconductor  for  the  magnetic  shielding  are  reported. 

Superconducting  sample  with  a  hole  has  some  different  properties  than  the  continuous 
one.  Consider  the  loop  of  metallic  wire  is  initially  placed  in  a  static  magnetic  field  such  that  flax 
threads  the  hole.  After  the  system  reaches  the  steady  state,  the  field  is  suddenly  turned  off. 
Consequently,  as  required  by  Lenz’s  law,  a  current  will  be  induced  in  the  wire  to  resist  the 
change  of  the  flux.  From  elementary  circuit  theory,  we  know  that  the  current  will  decay  in  the 
exponential  fashion  with  the  time  constant  In  case  of  superconducting  wire  R=0  and 

r->oo;  this  means,  that  a  persistent  current  will  flow  in  the  superconducting  loop  and  the 
magnetic  field  it  produces  will  never  be  observed  to  decay  as  long  as  the  loop  remains  in 
superconducting  state.  Because  of  this  property  superconductor  with  a  hole  may  act  as  steady 
magnet  or  can  be  applied  for  magnetic  field  shielding. 

In  [1-5],  the  investigated  samples  were  made  of  type-II  high-Tc  materials  and  had  a 
shape  of  a  hollow  cylinder  In  some  papers  the  critical  currents  were  investigated,  evaluating 
them  from  the  magnetic  field  strength  measurements  [1,  2],  and  an  applicability  of  the 
superconducting  hollow  cylinder  for  the  magnetic  field  shielding  [3-5].  The  case  tvith  a  hollow 
superconductor  forces  to  use  an  approximate  formula  or  numerical  modelling.  In  a  hollow 
superconductor  (in  other  word  multiply  connected)  it  is  observed  magnetic  flux  trapping 
phenomenon.  Moreover,  this  magnetic  flux  is  quantized. 

In  this  paper  we  present  the  numerical  solution  method.  This  method  is  suitable  for 
evaluation  of  magnetic  field  and  surface  current  distributions.  We  only  assume  that 
superconductor  is  an  ideal  diamagnetic  and  has  the  rotational  symmetry.  The  external  field  (if  it 
was  switched  on)  is  parallel  to  rotation  axis  and  assumed  to  be  static.  Since  the  problem 
assumed  to  be  static,  the  final  field  distribution  depends  on  the  way  the  superconductor  was 
cooled  down.  Therefore  the  solution  takes  into  account  the  trapped  magnetic  flux.  Modelling 
results  are  given  for  two  cases:  a  superconducting  torus  and  superconducting  hollow  cylinder. 

Due  to  rotational  symmetry  the  sheet  current  and  the  vector  potential  have  only  one 

component  (in  cylindrical  coordinates  {p,  z,  (p)):  j  =  y  ,  A  =  A^e^. 

A  corresponding  vector  potential  can  be  expressed  by 

pAjR}  =  jj(F')G(P,P')dS';  (1) 

r 

where  integration  region  F  is  the  superconductor  surface  in  p-z  plane;  kernel  G{P,P')  is  the 
Green’s  function;  P'  and  P  is  the  set  of  source  {/?',  z'}  and  field  {p,  z)  coordinates, 
respectively;  j{P')  is  unknown  sheet  current  density.  Kernel  G(P,P')  can  be  calculated 
analytically  [6].  The  boundary  condition  is  the  continuity  of  the  normal  component  of  the 
magnetic  induction.  If  one  finds  such  coordinates  {u,v,(p},  where  M=const  defines  the  shape  of 
the  sample,  while  v  and  cp  run  over  its  surface  boundary  condition  may  be  expressed  as  [6] 
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djpA^  +BoP^  1 2) 


dv 


«  =  “o 


=  0 


This  condition  can  be  reduced  to; 


^ ) 


=  /(tt)|  =  const  -  — 

\U  =  Hn  1«  =  «o 


(2) 


(3) 


here  quantity  0,  is  the  flux,  which  threads  the  hole  of  the  sample.  If  the  sample  has  no  hole 
then  always  <Jb=0.  Now,  we  can  write  the  integral  equation  fory^P ). 

jj(?')dS'=/ 

Besides  KF),  in  this  integral  equation  the  quantities  5o,  <A)  and  /  are  involved.  Two  of 
them  considered  to  be  known.  The  next  one  and  the/PO  can  be  found  as  a  solution.  \^ch  of 
three  quantities  (Po,  I)  are  considered  to  be  known,  it  depends  on  the  way  by  which  the 
superconductor  is  cooled  down.  For 
solution  of  this  problem  we  approximated 
the  integral  equation  by  linear  equation  set 

m. 


Magnetic  field  distribution 

Superconducting  torus 

1)  Let  us  suppose  the  torus  was 
cooled  down  in  the  zero  external  magnetic 
field.  When  we  apply  the  static  magnetic 
field,  then,  the  induced  surface  current 
prevents  field  penetration  into  the 
superconductor  and  keeps  the  flux  within 
the  hole  zero.  This  property  may  be  used 
for  the  magnetic  field  shielding. 

2)  Suppose  we  placed  the  torus  in 
the  external  magnetic  field  at  a 
temperature  higher  than  T^.  After  this  we 
lower  the  temperature  and  the  torus 
becomes  superconducting.  If  the  external 
wasn’t  changed,  it  is  no  induced  persistent 
current. 

3)  Let  us  now  examine  slightly 
different  case.  The  superconducting  torus 
was  cooled  down  in  the  presence  of  the 
static  external  magnetic  field  as  in 
previous  case.  After  this  the  external 
magnetic  field  is  switched  off.  As  required 
by  Lenz’s  law,  the  magnetic  field  change 
induces  the  current.  Because  there  is  no 
loss  in  the  superconductor,  this  current 


(a)  magnetic  field  profile  in  the  central  plane  (z=0), 

(b)  magnetic  field  lines. 
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-7.5  -2.5  2.5 

a)  b) 

Fig,  2.  Superconducting  torus  (7=0,  Bo=l); 

(a)  magnetic  field  profile  in  the  central  plane  (z=0), 

(b)  magnetic  field  lines. 


/ 

Fig.  3.  Superconducting  torus  (<A)=1, 5o=0); 

(a)  magnetic  field  profile  in  the  central  plane  (r=0); 

(b)  magnetic  field  lines. 
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cannot  decay  away  and  the  flux  is  permanently  trapped.  In  this  case  superconducting  torus  acts 
as  steady  magnet. 

Superconducting  hollow  cylinder.  As  we  can  see  from  Fig.  4,  the  superconducting 
hollow  cylinder  is  more  suitable  for  the  external  field  screening  than  the  torus.  The  magnetic 
flux  density  in  the  inner  space  of  the  hole  is  considerably  lower  than  the  external  field.  In  order 
to  increase  screening  properties  of  the  cylinder  we  need  to  increase  the  height  of  the  cylinder. 


Fig.  4.  Superconducting  hollow  cylinder  (5o=l,  <^o=0); 

a)  magnetic  field  profile  in  the  central  plane  (z=0); 

b)  magnetic  field  lines. 


Fig.  5.  Superconducting  hollow  cylinder  (5o=l,  7=0); 

(a)  magnetic  field  profile  in  the  central  plane  (z=0); 

(b)  magnetic  field  lines. 


Summary 

In  this  paper  a  method  for  the  magnetic  field  modelling  in  the  superconductor  with 
rotational  symmetry  is  presented.  It  is  supposed  that  superconductor  is  an  ideal  diamagnetic. 
This  method  takes  into  account  magnetic  flux  trapping  phenomenon,  which  takes  place  for 
hollow  superconductor.  As  a  solution  it  is  possible  to  determine  the  circumferential  current  and 
the  sheet  current  density.  Therefore  this  method  is  suitable  for  the  current  evaluation  from  the 
field  measurement,  and  for  the  field  distribution  investigation  inside  the  hole  of  the  sample. 
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Technique  for  Determination  of  RF-Magnetic  Field  Dependence 
of  the  HTS  Surface  Impedance  by  Microwave  Resonators* 

K.P.Gaikovich’,  A.N.Reznik^ 

‘  Radiophysical  Research  Institute.  B.Pecherskaya  st.,  25/14,  603600,  N.Navgorod.  Russia. 

^  Institute  for  Physics  of  Microstructures  of  RAS,  GSP-105,  603600,  N.Novgorod,  Russia. 

Introduction.  The  investigations  of  nonlinear  electromagnetic  properties  of  high- 
temperature  superconductors  (HTS)  in  the  last  years  arouse  active  interest  in  connection  with 
the  prospects  of  HTS  application  in  various  microwave  devices  (resonators,  filters,  antennas 
etc.),  with  problems  of  quality  control  of  these  materials,  with  fundamental  problems  of 
physics  of  superconductors.  Nonlinearity  of  HTS  is  usually  characterized  by  the  dependence 
of  a  surface  impedance  on  the  amplitude  of  a  variable  magnetic  field  H  on  HTS  surface, 
i.e.  ZsiH).  This  dependence  is  determined  by  using  microwave  resonators  of  various  designs 
[1-5].  The  parameters  to  be  measured  are  nonlinear  broadening  of  the  frequency  response 
A/s  and  the  resonant  frequency  shift  A/q  .  The  algebraic  equations  which  relate  A/s,A/o  to 
RsiH)  =  RcZsiH),  XsiH)  =  ImZ^f//)  are  in  use.  For  all  resonator  types  there  is  a  strong 
inhomogeneity  of  a  field  H  distribution  on  a  HTS  surface.  In  the  present  paper  it  is  shown 
that  HTS  nonlinearity  and  fields  inhomogeneity  lead  to  essential  errors  in  conventional  tech¬ 
niques,  and  a  new  approach  to  the  problem  of  diagnostics  of  nonlinear  microwave  properties 
of  HTS  is  advanced. 

The  integral  equations.  The  techniques  used  for  determination  of  Zg  {H) ,  are  based 
on  the  following  equation: 

A/ = A/o + mwB = m^w)\H'^zsd\  ,  (1) 

s 

where  W  is  the  energy  stored  into  the  resonator,  and  the  integration  is  made  on  a  HTS  sur¬ 
face.  In  the  nonlinear  resonator  the  nonuniform  field  structure  leads  to  an  inhomogeneous  dis¬ 
tribution  of  ZsiH)  on  a  HTS  surface.  In  this  case  we  obtain  from  (1) 

Af  =  iil2)G<Zs>  >  (2) 

where  G  =  (l/4irlf)  is  the  geometrical  factor  which  is  calculated  for  each  particular 

resonator  or  is  measured  by  calibration, 

<Zs>=\H^ZsiH)d^r  l\H^d^r  (3) 

s  Is 

is  the  averaged  surface  impedance.  Thus,  the  use  of  equation  (2),  as  is  done  in  [1-5],  yields 
<Zs>  rather  than  Z5 ,  which  largely  reduces  the  value  of  the  obtained  results,  since  <  Z5  > 
depends  not  only  on  the  properties  of  HTS  material,  but  also  on  the  resonator  type  and  the  ex¬ 
cited  mode. 

We  shall  assume  that  the  resonator  contains  one  HTS  film  as  a  conducting  wall  whose 
dependence  ZgiH)  is  the  sought-for  parameter.  The  H  field  structure  on  a  HTS  surface  near 
the  resonant  frequency  is  determined  by  the  eigen  function  of  the  appropriate  mode  (D(r ) : 

Hif)  =  H„(^iF)  ,  (4) 


'  This  work  was  supported  by  RFBR  under  grant  96-02-16997  and  by  the  Russian  State  Program  on  Physics  of 
Condensed  Matters  under  grant  96129. 
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where  is  the  maximum  value  of  /i"  (O  is  normalized  so  that  <l>niax  =  0-  The  field 
of  the  nonlinear  resonator  for  each  value  of  the  input  power  is  calculated  on  the  basis  of  the 
well-known  techniques  (for  example,  for  a  microstrip  resonator  see  [6]).  Passing  in  (3)  fiom 
integration  on  the  coordinate  variable  to  integration  on  H  with  the  account  of  (4)  we  obtain 

Hn, 

<Zs{H)>=  \KiH„,H)Zs{H)dH  ,  (5) 

0 

where  K(H^,H)  is  the  kernel  of  the  integral  equation,  which  depends  on  the  resonator  type 
and  the  exited  mode  (  Jq  ”  ,  H)dH  =  1 ).  We  have  obtained  the  expressions  for 

K{H^,H)  for  different  resonator  types:  confocal,  microstrip,  cavity,  dielectric. 

Using  (5),  we  have  calculated  a  relative  excess  Rs{H)  over  <Rs(H)>  for  various 
types  of  resonators  and  for  typical  dependencies  RgiH) ,  observable  in  experiments  [1-5],  We 
have  found  out  that  the  use  of  equation  (2)  gives  an  underestimated  value  of  RsiH) :  1.3-1. 7 

times  less  for  cavity-,  2-3  times  less  for  confocal-,  and  4.5-7  times  less  for  microstrip  resona¬ 
tors. 

Method  of  solution  of  the  inverse  problem.  The  method  we  offer  consists  in  meas¬ 
urement  of  <  >  by  a  HTS  resonator  using  formula  (2)  at  several  input  powers.  Then 

Zs(H)  is  defined  by  solution  of  equation  (5).  Equation  (5)  is  the  integral  equation  of  Volterra 
of  the  1-st  kind,  whose  solution  is  an  ill-posed  inverse  problem.  In  the  given  work  the  Tik¬ 
honov  method  [7]  was  applied  for  solution  of  (5).  We  shall  rewrite  the  equation  (5)  in  the  op¬ 
erator  form 

KR  =  R^,  ,  (6) 

where  R°j  is  the  vector  of  experimental  data,  obtained  with  some  tool  error.  In  the  Tikhonov 
method  the  approximate  solution  is  sought  for  by  minimization  of  the  fimctional 

M^iR)  =  \\KR-Rif^^+a\\R\\l,  ,  (7) 

where  ||/|j^  is  the  norm  of  function  /  in  space  Zt  of  square  integrable  functions,  and 

||/||^i  is  the  norm  of  function  /  in  the  space  W2  of  square  integrable  functions  together  with 

their  derivatives.  The  problem  of  minimization  of  functional  (7)  after  appropriate  discretiza¬ 
tion  was  solved  by  the  method  of  conjugate  gradients  [8].  Smoothing  of  the  solution  derived 
from  (7)  is  adjusted  by  parameter  a  which,  as  is  shown  in  [7],  is  connected  with  the  inte¬ 
grated  measure  of  an  inaccuracy  of  experimental  data  and  is  sought  as  the  root  of  the  nonlin¬ 
ear  algebraic  equation 

=  (8) 

where  is  the  solution  of  (7). 

Parameter  of  an  effective  error  8  in  (8)  includes  all  errors  of  measurements  and  interpre¬ 
tations.  Thus,  in  the  used  method  smoothing  of  the  solution  is  determined  by  an  error  8 .  For 
high  measurement  accuracy,  the  error  8  reduces  and,  hence,  there  is  less  smoothing  in  the 
obtained  solution,  i.e.,  the  details  of  Z^{H)  can  be  reconstructed. 

Results  of  numerical  modelling.  The  investigation  of  opportunities  of  retrieval  is  car¬ 
ried  out  on  the  basis  of  numerical  simulation  for  typical  R^  (H)  and  limits  of  tool  errors.  We 
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have  used  the  expression  for  in  (5)  obtained  for  a  rectangular  cavity  resonator  and 

the  po\ver  field  dependence  for  Rg ,  which  is  met  more  often  in  practice.  Modeling  of  the  re¬ 
construction  procedure  was  done  in  the  following  closed  circuit.  For  the  given  initial  function 
RsiH)  the  exact  dependence  <  RgiHJ  >  was  calculated  from  (5),  for  which  a  random  error 
with  the  given  rms  was  added  in  discrete  points  m  =  1,2...  M,  simulating  the  measure¬ 
ments  errors.  Thus  obtained  "data  of  measurements"  were  used  for  solution  of  the  inverse 
problem,  and  the  retrieved  dependencies  were  compared  with  the  initial  one.  For  estimation  of 
the  efficiency  of  the  Tikhonov  method  equation  (5)  was  solved  also  by  the  method  of  direct 
inversion,  i.e.,  by  solving  a  numerical  analogue  of  the  integral  equation  (5),  which  after  ap¬ 
propriate  discretization  becomes  a  linear  system  of  algebraic  equations. 

The  results  of  numerical  modeling  are  presented  in  Fig.  1,2.  In  Fig.l  one  can  see  an  exam¬ 
ple  of  retrieval.  In  Fig.2  the  normalized  dependencies  of  an  integral  measure  of  inaccuracy 

6i?  =  on  a  number  of  experimental  points  M  are  shown.  It  was 

obtained  fi-om  the  results  of  numerical  simulation  that  the  Tikhonov  method  provides  qualita¬ 
tive  reconstruction  at  bR^  ^  0.02}nOhm ,  whereas  the  direct  inversion  -  only  at  errors 
bR„  <  O.OOSmOhm ,  close  to  extreme  values,  achievable  for  the  state-of-art  measurement 
techniques.  We  emphasize  the  existence  of  optimum  value  M ,  at  which  the  error  of  recon¬ 
struction  is  minimum  (Fig.2),  and  this  minimum  for  the  Tikhonov  method  corresponds  to  a 
much  smaller  error  than  for  the  method  of  the  direct  inversion,  and  at  smaller  values  of  M . 

Conclusions.  The  method  offered  here  is  based  on  the  theory  of  the  solution  of  the  in¬ 
verse  problem  for  ,  which  allows  to  take  into  account  the  inhomogeneous  structure  of 

an  electromagnetic  field  in  resonators. 
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MODERN  METHODS  FOR  CALCULATION  OF  MAGNETIC  FIELD 
FORCE  ACTING  ON  MAGNETICS 

M.V.Zagirnyak,  Yu.A.Branspiz 

East  Ukrainian  State  University 
Molodeznuy,  20-a,  Lugansk,  348034,  Ukraine 

Abstract 

It  is  shown,  that  formulae  of  the  magnetic  field  action  force  on  ferromagnetic  body, 
corresponding  to  various  models  of  magnetization  of  its  substance,  give  the  same  result  while 
calculating  summary  action  force  of  the  magnetic  field  on  this  body,  coinciding  with  a  real 
force. 


1.  Problem  Statement 

One  of  the  modem  description  fundamentals  of  force  action  of  direct  magnetic  field  on 
ferromagnetic  bodies  is  the  use  of  volume  density  f  of  the  magnetic  field  ponderomotive 
force  for  which  the  follovidng  main  methods  of  its  definitions  are  known  energetic,  equivalent 
magnetic  charges,  equivalent  magnetic  moments,  equivalent  currents  of  magnetization. 
Maxwell  tensions  [1-4],  This  work  deals  with  three  calculation  methods  of  magnetic  field  force 
acting  on  ferromagnetic,  corresponding  to  three  simulation  methods  of  its  magnetization: 
equivalent  magnetic  charges,  equivalent  magnetic  moments  (dipoles),  equivalent  currents  of 
magnetization.  Consideration  of  these  three  methods  is  explained  by  the  fact,  that  both 
energetic  and  tensor  methods  of  volume  density  determination  of  the  magnetic  field 
ponderomotive  force,  with  rigorous  approach,  is  based  on  certain  formulae  for  space 
distribution  of  ponderomotive  force  of  the  magnetic  field  in  magnetic  [1,2],  that  is  energetic 
and  tensor  methods  are  secondary  with  respect  to  the  methods,  which  allow  to  determine 
directly  volume  density  /. 

In  the  case  of  absence  of  electrical  current  in  ferromagnetics,  the  given  three  methods 
enable  one  to  obtain  the  following  formulas  for  numerical  calculation  of  specific  (per  unit  of 
magnetic  volume)  ponderomotive  force  of  magnetic  field: 

f^^rotpyB,  (1) 

(2) 

Jmm  ~I^o  i^xgrad)H,  (3) 

where  //p  -  vacuum  magnetic  permeability;  B,  H  -  vectors  corresponding  to  magnetic  field 

induction  and  strength;  M  -  magnetization  vector. 

As  it  is  known  [1-4],  these  formulae  do  not  describe  real  distribution  of  magnetic  field 
ponderomotive  force  in  the  volume  of  magnetic.  But  they  can  be  used  for  determination  of  sum 
action  of  magnetic  field  on  ferromagnetic  body. 
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2  Inteeral  Equivalency  of  the  Formulas  of  Volume  Density  of  Magnetic  Field 
Ponderomotive  Force  Acting  on  the  Magnetic  for  Various  Models  of  its  Magnetization 

It  is  to  be  noted,  that  the  fonnulas  (1-3)  are  often  used  in  general  form  when  instead  of 
the  vectors  and  the  vectors  and  ,  are  considered  wMch  are  induction  and  mtensity  o  e 
magnetic  field  source,  external  in  respect  to  the  magnetic  [2,4],  For  this  less  general  case 
kn^  that  the  considered  methods  of  determination  of  value  f  are  mtegraDy  equivalen^ 
givi^while  calculating  summary  force,  acting  on  solitary  ferromagnetic  body,  the  same  result 

[2  4], 

The  ^ven  work  shows  that  the  considered  methods  of  determination  / ,  to  say  more 
exactly  corresponding  to  them  formulae  (1-3),  are  integrally  equivalent;  the  integrals 

\L  dV  (4) 

r,  r, 

are  equal  to  each  other  (here  Vb  is  the  whole  volume  of  sohtary  magnetic  body). 

For  solving  this  task  we  used  a  special  integral  ratio: 

^^■grad)b +h’diva  dV  =  •(«  a)  ciS',  (5) 

valid  for  any  continuous  (in  volume  V)  vectors  5  and  F  and  reduces  the  interation  over  an 
arbitrary  volume  V  to  surface  the  integration  over  the  surface  S  of  the  volume  V  [5]^ 

As  a  result  we  obtain  that;  all  integrals  (4)  in  the  process  of  mtegration  ^eld  the  same 
surface  integral.  This  proves,  eventually,  the  integral  equivalency  of  the  formulas  (1-3). 

3.  Correspondence  of  the  Considering  Formulae  to  Real  Distribution  of  Vrfume  Density 

of  Magnetic  Field  Ponderomotive  Force  in  the  Solitary  Magnetic 

The  next  step  of  this  work  was  the  determination  of  the  fact,  that  the  formulae  (1-3)  at 
volume  integration  give  the  result,  coinciding  with  integration  of  real  distnbution  of  volume 

density  of  the  magnetic  field  ponderomotive  force. 

It  was  taken  into  account,  that  all  three  models  of  magnetized  magnetic  material  produce 
outside  of  it  one  and  the  same  magnetic  field,  whose  influence  on  external  source  is  equal  and 
anti-derected  to  action  of  the  applied  (external)  magnetic  field  on  the  sohtary  magnetic. 
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The  paper  is  devoted  to  the  homogenization  of  the  Neumann  boundary  value  prob¬ 
lem  for  the  stationary  and  nonstationary  Ginzburg-Landau  heat  equations  in  a  porous 
medium  consisting  of  a  melange  of  a  superconductor  and  a  dielectric  with  com¬ 
plicated  microstructiue.  Let  us  consider,  for  example,  the  Ginzburg-Landau  heat  flow 
equation  : 

du  ^  /,  I  lOx 

—  =  Aw  +  (1  -  |wp)w 

in  a  porous  medium.  The  so-called  weakly  connected  domain  is  taken  as  a  model  of 
the  porous  medium.  The  positive  integer  s  characterizes  the  scale  of  the  microstructure. 
The  domain  consists  of  two  non-intersecting  subdomains  and  that  are 
interconnected  by  a  ”thm”  set 

In  the  present  paper  we  study  the  asymptotical  behavior  of  the  solutions  t)  of 

the  Neumann  boundary  value  problem  for  the  Ginzburg-Landau  heat  flow  equation  in 
the  weakly  connected  domains  as  s  oo.  It  is  shown  (see  [14])  that  the  first  term 
of  the  asymptotical  expansion  of  the  solution  of  the  initial  boundary  value  problem  is 
described  by  the  solution  of  the  Neumann  boimdary  value  problem  for  a  system  of  two 
parabolic  partial  differential  equations  in  the  domain  fl  (homogenized  model)  ; 

=  t  ^  -  “J- 

The  coefficients  of  the  homogenized  equations  are  obtained  by  some  local  characteristics 
of  the  domain. 

The  coupling  term  appears  in  the  homogenized  model  because  of  the  structure  of 
the  domain  and  it  is  not  related  to  the  nonlinearity.  For  example,  the  same  term 
appears  in  the  linear  case  (c.f.  also  [13]).  We  can  regard  this  term  as  an  interaction  of  two 
’’phases”  of  the  complex  superconductor.  In  the  particular  case  of  the  weakly  connected 
domain,  we  can  calculate  all  the  coefficients  of  the  homogenized  system  explicitly. 

The  homogenization  problem  in  weakly  connected  domains  for  the  linear  elliptic  and 
parabolic  problems  was  studied  for  the  first  time  by  E.  Khruslov  [6]. 

Li  the  recent  years,  different  boundary  value  problems  related  to  the  Ginzburg- 
Landau  equation  have  been  of  great  interest  not  only  for  physicists  but  also  for  math¬ 
ematicians  (see,  for  instance,  [1-4]).  The  steady-state  Ginzburg-Landau  equation  is 
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the  fundamental  model  in  the  theory  of  superconductivity.  On  the  other  hand,  the 
Ginzburg-Landau  model  characterizes  the  superconductor  near  a  critical  temperature 


Within  the  framework  of  this  theory  it  is  naturally  to  consider  a  composite  supercon¬ 
ductor  n  that  is  a  melange  of  a  superconducting  material  0^*)  =  and  a  dielectnc 

(impure  superconductor).  Since  the  current  does  not  penetrate  the  dielectric,  the 
Neumsinn  boundary  condition  is  true  at  the  dielectric  boundary  dQ  .  In  factj  in  the 
absence  of  the  magnetic  field  we  can  use  such  a  boundary  condition  if  the  temperature 
of  a  superconductor  satisfies  the  following  inequality: 


(2) 


Here  a  is  an  interatomic  distance  and  is  a  coherence  length  (see,  for  example  [5]). 
Thus,  our  approach  works  nicely  under  conditions  (1),  (2).  It  is  well  known  that  the 
magnitude  of  the  critical  temperature  is  much  smaller  than  in  a  pure  one.  However,  in  a 
number  of  practically  important  cases  we  can  assume  that  our  conditions  are  physically 
reasonable.  From  the  physical  point  of  view  these  conditions  imply  the  limits  of  possible 
applications  of  our  model  in  the  theory  of  superconductivity.  Note  that  the  emphasis  in 
the  paper  is  placed  on  the  asymptotical  properties  of  the  abstract  mathematical  o 

such  impure  superconductors.  The  dielectric  is  usually  a  strongly  ”fine-dispersioned 
set.  The  notion  of  weakly  connected  domains  appears  here  as  a  result  of  analysis  and 
generalization  of  the  notion  of  weak  connection  that  is  widely  used  in  the  superconducting 
theory.  The  homogenization  results  for  the  steady-state  Ginzburg-Landau  equation  in 
weakly  connected  domains  and  in  domains  with  ’’traps”  were  obtained  in  [8]. 

The  homogenization  of  non-linear  non-stationary  equations  in  the  weakly  connected 
domains  are  also  of  a  great  interest.  The  corresponding  results  for  the  scalar  nonlin¬ 
ear  elliptic  and  parabolic  second-order  partial  differential  equations  were  proved  by  the 
author  [11,  12]  and  also  by  A.  Kovalevsky  (see,  for  example,  [9]). 
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NIIMEMCAL  THEORY  OF  EXCITATION  OF  AXISYMMETRIC  OPEN- 
ENDED  FINITE  LENGTH  SLOW  WAVE  STRUCTURE  ON  THE  BASIS  OF 
TOE^OUm^Y  SINGULAR  INTEGRAL  EQUATTON  METHOD 


V.A  Shcherbina,  O.I.  Zaginaylov,  S.A.  Zhuchenko 

Kharkov  State  University,  Svobody  sq.  4,  Kharkov,  310077,  Ukraine 

Open-ended  ardsymoretric  slow  wave  structures  (SWS)  are  conunonly  us^  as 
interacUon  chambers  in  high-power  microwave  (HP^  sour^.  to  [  U  e  ^ 

effects  and  nonunifonnity  of  SWS  can  be  explo|md  to  “y 

flenuency  tunability.  However,  they  cannot  he  analyzed  wift  a 
comentiLal  theoretical  methods  [2],  and  using  special  sttnutoon  ^“cd  on 
numerical  analysis  appears  to  be  the  most  preferable  approach  [3],  In  turn,  the  former  so  f» 
rS^alSS^a  great  amount  of  computations  that,  occasionally,  r^ults  m  a  t»  high 
level  of  numerical  note  capable  to  ruin  the  accuracy  of  simulation.  Therefore  a  sophisucauon 

or  development  of  alternative  methods  of  study  is  still  very  actual^ 

BelL  we  present  a  new  approach,  which  appears  to  combme  positive  feature®^  b^h 

analytical  and  dLct  numerical  approaches,  i.e.  it  will  enable  us 

complicated  2D  or  3D  configurations  of  electromagnetic  structures  as  those  by  using  special 

typical  for  high-power  b^kwmd 

wave  oscillators  (BWO),  traveling  wave  tubes  (TWT)  and  some  other  HPM  sources,  ere  or 
S^lic^  we  uL  J  simplest  model  of  the  electron  beam:  thin,  amiular  n^euM 
modulatL  cunent  of  given  amplimde:  /  =  (o,0,/,(r,z.r)),  /,(r,r,t)  = 

Ug(r)exp(ife/p-ite).  where  t  =  o./c,|)  =  K/c,<»is  the  modulation  frequ^cy,  Kis  the 

beam  velocity  The  walls  of  SWS  ate  assumed  to  be  perfectly  conducting.  The  problem  o 
SWS  excitation  can  be  formulated  in  the  mathematically  rigorous  manner  as  the  boundary- 

value  problem: 

(1) 

^t|s=0 

where  5isthesurfaceofSWS,  iW  =  (l//^)Vx£,thetimefactorisomitted.^ 

Representing  the  solution  of  (1)  in  the  form;  E  =  E^+Ea,  where  E^  is  some  partial 

solution  of  (1)  in  the  space  91' ,  we  come  to  the  problem; 

(E  +  k%=0,fe9i^\S  (2) 


^It  s-  ^01  s 


(3) 


We  look  for  the  general  solution  of  (2)  in  the  form  ^  =  Vx  A  where  A  is  the 
superposition  of  the  double  and  single  layer  potentials  with  unknown  densities  [4] 


(4) 
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Both  the  first  and  the  second  terms  in  (4)  satisfy  the  radiation  condition  at  infinity  and 
have  the  jumps  across  S  that  can  be  expressed  in  terms  of  the  densities  J(r')  and  /(?'), 
respectively.  Taking  into  account  that  must  be  continuous  across  ,  we  can  state  a  simple 


algebraic  relation  between  jif")  and  7(r ')  that  cancels  the  jump  in  , 


and  furthermore 


using  (3)  we  obtain  a  boundary  singular  integral  equation.  After  integration  over  the  azimuthal 
angle  it  becomes  one-dimensional: 

L 

Je(c^McK=/w.  (5) 

0 


whereefe^)  =  ^^'fe)|-|-4 


.  ^  dr  R{z), 


“(^)  =  j{r>^%=R(z)  >  is  the  radial  profile  of  SWS. 


The  kernel  of  (5)  contains  strongly  singular  terms  qc  -  z)  ^ ,  integration  of  which  must 

be  understood  in  Adamard's  sense.  Numerical  analysis  of  (5)  has  been  fulfilled  by  two  ways. 
One  of  them  is  associated  with  the  inteipolation  quadrature  formulae  listed  in  [5],  another  is 
based  on  the  original  quadrature  formulas.  The  difference  between  the  obtained  results  is 
becoming  negligible  at  a  suflSciently  large  number  of  quadrature  terms.  In  both  cases  after 
discretization  we  obtain  the  set  of  linear  algebraic  equations  with  dominant  diagonal  terms 
expressed  through  well-tabulated  analytical  functions  (full  elliptic  integrals)  that  enables  us  to 
construct  the  computationally  efficient  algorithms.  Results  of  numerical  modeling  for  0  =  0.8 
are  shown  in  Figs.  2-4.  The  main  attention  was  paid  to  the  study  of  SWS  electromagnetic 
behavior  within  the  passband  of  the  lowest  order  symmetric  transverse  magnetic  mode  (  ). 

The  total  radiation  power  as  a  function  of  frequency  (Fig.  2)  has  several  sharp  maxima 
associated  with  different  axial  mode  forming  due  to  the  end  reflections.  As  it  is  well 

known,  finite-length  SWS  with  N  periods  has  i\r  +  l  different  axial  modes.  In  Fig.  2  we  can 
clearly  recognize  only  six  of  them,  possibly  because  near  the  upper  and  lower  passband  ends 
they  are  located  very  closely,  fusing  together.  The  highest  of  them  (  /  =  o  /  27C  =  8.966  GHz) 
corresponds  to  the  7i-type  oscillations  and  exceeds  the  others  more  then  ten-fold.  It  is 
interesting  to  point  out  that  in  this  regime  the  real  part  of  the  surface  potential  density 
distribution  tt(r)  is  approximately  equal  to  image  one  taken  with  the  opposite  sign  (see  Fig.3 
a,b),  and  both  are  almost  symmetrical  with  respect  to  z  =  Z/2.  Radiation  pattern  in  the  far 
zone  has  only  one  maximum  in  both  forward  and  backward  directions  within  the  TM^j-mode 

passband  that  agrees  with  the  radiation  features  for  an  open-ended  single-mode  waveguide  [7], 
Approaching  to  the  lower  end  of  the  passband,  the  maximum  of  radiation  pattern  shifts  away 
from  SWS  axis  (Fig.  4,  a,b)  up  to  normal  direction  at  the  cutoff  frequency  (Fig.  4,c).  Beyond 
the  TMjj-mode  passband  the  level  of  radiation  is  much  lower  then  within  it,  while  the  radiation 

pattern  drastically  changes  becoming  similar  to  that  for  a  solid  conducting  body  (see  Fig.  4,d  ). 

Thus,  application  of  new  approach  enables  us  to  reduce  the  problem  of  excitation  of  a 
realistic  electromagnetic  structure  to  a  one-dimensional  singular  integral  equation,  for  which 
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computationally  efficient  numerical  codes  have  been  developed.  Obtained  results  are  in  good 
qualitative  agreement  with  experimental  ones  [6].  Some  difference  from  the  measured 
resonance  frequencies  seems  to  be  caused  by  certain  differences  of  considered  SWS  from 
experimental  ones  and  neglecting  the  ohmic  losses. 


RW= 


fRg  -h,  0^z<d; 

Ro  -cos(23tz/dX 
d  ^  z  <  9.5d; 

[R,  +  h,  9.5d<z<L 


R(,  =  1.4cm,Rb  =  0.8cm, 
d  =  1.67cm, h  =  0.4cm 


Fig.  1 


rxg.4 
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HAMILTONIAN  APPROACH  TO  THE  PROBLEM  OF  WAVE 

COLLAPSE 


Valeriy  V.  Gushchin 


Department  of  Physics  and  Technology,  Kharkov  State  University, 

Svobody  sq.  4,  Kharkov,  3 10077,  Ukraine 

Formation  of  singularities  in  the  wave  system  within  a  finite  time,  or,  in  the  other  words, 
a  wave  collapse  is  one  of  the  basic  phenomena  in  nonlinear  physics.  The  collapse  plays  an 
essential  role  in  various  fields  of  physics.  For  example,  great  interest  has  focused  on  collapse 
with  application  to  beam-plasma  and  laser-plasma  experiments,  ionospheric  modulation,  the 
Earth's  foreshock,  nonlinear  optics,  solar  wind,  etc.  [1-3]. 

Intense,  localized,  high-frequency  waves  can  modify  the  medium  in  which  they  propagate 
via  excitation  of  low  frequency  disturbances  by  their  ponderomotive  forces,  for  example.  A 
common  feature  is  that  the  collapse  involves  interaction  between  high-  and  low-frequency 
waves  coupled  by  nonlinear  interactions  that  cause  the  refractive  index  of  high-frequency 
waves  to  increase  with  increasing  the  wave  intensity.  The  resulting  tendency  to  focus  into 
regions  already  of  high  intensity  can  then  lead  to  collapse. 

The  Langmuir  waves  collapse  has  been  studied  most  intensively.  The  main  results  are 
obtained  in  the  framework  of  ZalAarov’s  equations  [1].  However,  these  equations  do  not  take 
in  to  account  various  nonlinear  effects  of  higher  order:  electron  nonlinearity,  variations  in  the 
wave  dispersion  law,  hydrodynamic  ion  nonlinearities,  etc.  Their  significance  increases  with  the 
cavema  compression  and  according  to  the  estimates,  all  nonlinearities  are  to  be  taken  into 
account  simultaneously. 

A  generalization  of  Zakharov’s  equations  by  taking  into  account  additional  nonlinearities 
turns  out  to  be  the  best  if  the  Hamiltonian  formalism  (HF)  is  used.  It  is  necessary  to  underline 
that  commonly  used  HF  needs  an  implementation  of  general  variants  of  canonical  transforms 
[6].  Only  after  this  it  enables  one  to  obtain  the  ‘Improved”  dynamic  equations,  which  have  the 
following  form: 


dt 


dh, 

dal 


dt 


Shl 


(1) 


Here  atsa(k,t);btsb(k,t);<i)t=o}(k);Q„=Q{k)  are  the  complex  amplitudes, 
dispersion  functions  of  the  high-  and  low-frequency  waves  respectively,  and  H  is  the 
reduced  interaction  hamiltonian  (see  the  details  in  the  papers  [7,8]). 

Equations  (1),  written  in  the  momentum  (a,®)  representation,  can  be  written  in  the 

coordinate  (r,t)  representation  by  using  the  inverse  Fourier  transform.  They  are  significantly 
more  complicated  but  in  the  limiting  cases  can  be  expressed  in  terms  of  the  well-known 
equations  studied  in  [1-3]. 

In  the  framework  of  equations  (1),  it  is  possible  to  obtain  the  increment  of  the 
modulation  instability  of  nonlinear  Langmuir  wave  cluster  localized  in  a  cavity.  The  single 
isolated  cavern  can  be  divided  to  the  parts  changing  the  general  scenario  for  the  Langmuir 
collapse. 
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Introducing  a  positively  defined  value; 


/s 


one  can  write  the  Talanov  theorem  [1-3]  in  the  ic  representation  with  an  account  of  higher 
nonlinearities,  which  forbid  the  existence  of  well-known  automodel  solutions. 

By  using  HF  for  the  analysis  of  stationary  solutions,  one  can  prove  that  the  hamiltonian  is 
limited  fi-om  below  for  the  fixed  plasmon  number.  This  fact  enables  us  to  conclude  about  a 
possibility  of  existence  of  stable  solutions. 

The  presented  results  prove  a  significant  impact  of  higher  nonlinearities  on  the  collapse 
dynamics.  But  a  deeper  understanding  of  the  problem  requires  further  investigations. 
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A  METHOD  FOR  DERIVATION  OF  ELECTRIC  FIELDS  IN  THE 
LOWER  IONOSPHERE  FROM  MEASUREMENTS  WITH  A  PARTIAL 

REFLECTION  FACILITY 

Gokov  A.M.,  Martynenko  S.I.,  Rozumenko  V.T.,  Tsymbal  A.M.,  and  Tyrnov  O.F. 

Department  of  Space  Radio  Physics,  Kharkiv  State  University,  4  Svobody  Square, 
Kharkiv  310077,  Ukraine;  e-mail:  01eg.F.Tyrnov@univer.kharkov.ua 

Abstract 

The  distribution  of  variations  in  the  effective  electron  collision  frequency  was 
obtained  at  the  60  -  66  km  altitude  range  in  the  lower  ionosphere  (experimental 
errors  within  this  altitude  range  were  less  than  50%).  A  technique  for  estimating  the 
variations  in  atmospheric  electric  fields  at  the  lower  boundary  of  the  ionosphere  was 
developed  using  the  experimental  values  of  the  effective  electron  collision  frequency. 

From  our  measurements  follows  that  the  electric  field  E  >  0.25V  •  m~^  in  approxi¬ 
mately  70%  cases  under  quiet  ionospheric  and  atmospheric  conditions.  These  facts 
must  be  taken  into  account  in  the  investigations  of  ionospheric  processes,  meteoro¬ 
logical  and  propagation  effects. 

It  is  well  known  that  electric  fields  can  produce  large  disturbances  in  ionospheric 
parameters  of  the  lower  ionosphere.  Our  experimental  results  indicate  that  a  possible 
cause  of  the  appearance  of  big  enough  variations  in  the  electron  collision  frequency  is  the 
effect  of  external  electric  fields  of  atmospheric  origin.  This  provides  an  opportunity  to 
measure  electric  fields  in  the  lower  ionosphere  using  remote  sensing  instruments  employing 
radio-wave  techniques. 

The  measurements  were  made  with  the  Kharkiv  State  University  partial  reflection 
facility  during  1978  through  1997  at  frequencies  of  /  =  1.8  -  3.0  MHz  using  a  25-micros 

pulse  length.  i  •  i 

The  data  on  the  effective  electron  collision  frequency,  u,  are  collected  at  altitudes  of 

60,  63,  and  66  km.  The  transcendental  equation  in  u 

at  '  1(0.  -  +  0=1^  ■  („ + +  ouq 

is  being  solved  where  Ai  is  the  intensity  of  the  extraordinary  mode  of  partially  reflected 
signals  averaged  over  an  8  to  10  min  interval,  and  is  the  intensity  of  the  ordinary 
mode  of  partially  reflected  signals  averaged  over  the  same  interval,  lol  =  ./n  is  the 

component  of  the  electron  gyrofrequency  along  the  ambient  magnetic  field  direction,  in 
middle  latitude  experiments,  the  value  of  fi  is  assumed  to  be  equal  1.35  MHz,  7F,  and 
Kc  are  the  kinetic  coefficients  which  describe  the  kinetic  effects  in  the  permittivity  e 
and  conductivity  <7  of  the  lower  ionosphere.  The  dependences  Ke{x)  and  Ka{x)  can  be 
approximated  with  an  error  of  an  order  of  a  few  per  cent  by  the  relations 

KJx)  =  1  +  ■; — — o't  —  0.155,  6i  =  0.075,  0.05  <  x  <  oo, 

h  +  x^ 

KJx)  =  0.89  -I-  r— =  0.027,  62  =  0.052,  0  <  a;  <  3.5; 

02 +  x^ 
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Ka{x)  =  1;  3.5  <  a:  <  oo. 

where  x  =  [u:  —  u)l)Iv  for  the  extraordinary  mode,  and  a:  =  (w  +  uji)lv  for  the  ordinary 
mode.  Partial  reflection  random  measurement  errors  in  u{z)  do  not  exceed  the  magnitude 
of  the  order  of  30  —  50%  in  the  altitude  range  indicated  above. 

The  processing  of  partial  reflection  signals  have  allowed  us  to  establish  a  database  that 
presently  contains  data  on  the  electron  collision  frequency  at  60,  63  and  66  km  over  more 
than  170  events. 

If  we  take  into  account  the  fact  that  fluctuations  in  the  number  density  of  neutral 
particles  and  in  their  temperature  in  the  ionospheric  D  region  generally  are  not  more 
than  10  —  20%  (in  reality  their  most  probable  magnitudes  are  significantly  smaller),  then 
the  sharp  maximum  in  the  vjvm  distribution  should  be  expected  within  a  (1  ±  0.2)iyfi/m 
value  interval  (here  Um  is  the  model  value  of  nue  at  the  same  altitude  from  which  partial 
reflection  signals  are  received;  Umi^Okin)  =  3.75T0^5ec~\  Um{Q^km)  =  2.55T0^sec“^,  and 
Um{QQkm)  =  1.68  •  10^5ec“^).  However,  taking  into  account  random  measurement  errors 
of  70%,  the  values  of  vjvm  exceed  the  above-mentioned  threshold  for  the  conditions  of 
our  experiment.  From  our  standpoint,  a  single  reasonable  explanation  of  this  fact  could 
be  the  hypothesis  that  Te  >  Tn  (where  Te  is  the  electron  temperature,  and  Tn  is  the 
temperature  of  neutral  particles)  in  70%  of  cases  in  the  lower  part  of  the  D  region. 

The  most  probable  cause  of  existence  of  increased  values  of  Te  can  be  strong  atmo¬ 
spheric  electric  fields.  Supposing  this  is  true,  electric  field  values  could  be  estimated  from 
vjvm  measurements.  It  is  natural  to  suppose  that  the  cases  of  v  =  Vm  correspond  to  the 
absence  of  electric  fields. 

In  order  to  obtain  the  dependence  of  E  upon  u,  let  us  use  the  well-known  set  of 
balance  equations  in  the  electron  number  density  N,  the  electron  temperature  Te,  and 
the  number  density  of  positive  ions  N'^  in  a  plane  D-region  weakly  ionized  plasma,  and 
take  into  account  the  condition  of  quasi-neutrality 


(97V  r) 

=  g*'  +  -  i/aN  -  arN‘^{l  +  A)  +  ^ 

(97V+  (9 

—  Qi  ~  0irN'^{l  -f  A)  —  ajiV^A(l  -f  A)  -f  — 


dTe 

dt 


2Qe 

ZkN 


-  Sv{Te  -  Tn), 


N+  =  N  +  N-, 


+  (2) 

+  (3) 

(4) 

(5) 


where  t  is  time,  qi  is  the  total  production  rate  per  unit  volume  of  positive  ions  resulting 
from  the  ionization  of  neutral  atmospheric  constituents,  i/d  is  the  effective  rate  at  which 
the  negative  ions  are  destroyed  by  electron  detachment,  A  =  N~/N  is  the  negative  ion  to 
electron  number  density  ratio,  N~  is  the  negative  ion  density,  i^a  is  the  effective  rate  at 
which  the  negative  ions  are  formed  by  the  attachment  of  electrons  to  neutral  constituents, 
Qfr  is  the  effective  ion-electron  recombination  coefficient  for  positive  ions,  Dt  is  the  coef¬ 
ficient  of  eddy  diffusion.  Da  is  the  coefficient  of  ambipolar  diffusion,  z  is  the  altitude,  a, 
is  the  effective  ion-ion  recombination  coefficient,  k  is  Boltzmann’s  constant,  Qe/N  is  the 
average  energy  acquired  by  the  electron  from  an  external  source  of  heating  (for  example, 
from  external  electric  field),  6  is  the  fractional  loss  of  energy  per  electron  collision,  T„  is 
the  neutral  constituency  temperature.  In  the  ionospheric  D  region,  the  disturbances  in 
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the  ion  temperature  are  neglected  because  they  are  MIm  times  less  than  the  disturbances 
in  Te  is  the  average  ion  mass,  m  is  the  electron  rest  mass).  For  a  low-frequency  dis¬ 
turbing  electric  field  E  (that  is  when  the  inequalities  u>j  hold,  where  toi  is  the 

frequency  of  the  disturbing  field),  the  kinetic  coefficient  ±  ul\/i')  -  -  1-4) 

and  u  —  lAe^ N Imv  where  e  is  the  electron  charge.  The  multiple  time-scaling  analysis 
helps  considerably  simplify  the  initial  set  of  equations  (2)-(5)  by  introducing  the  following 
time  scales: 

ti  =  fyj  =  —  —  Ad  -f  Pa)  ts  =  =  {Aqi{ar  -b  Aa,)/(1  +  A)}  ^  , 


where  is  an  electron  temperature  relaxation  time,  is  the  evolution  time  of  the 
disturbances  in  N  caused  by  activating  attachment  processes,  fjv  is  the  evolution  time  of 
disturbances  in  N  due  to  changes  in  the  ionization-recombination  balance.  Note  that  in 
the  lower  ionosphere 

For  0  <  f  oiie  can  easily  derive  the  following  simplified  energy  balance  equation: 


dt  kmPod'^!^ 


-  SA)Poe^'\e  -  i)Te„ 


where:  6  =  TJT^o;  p  =  ^(0)  =  ^{t  <  0)  =  0.  This  equation  is  no  longer- 

dependent  on  N  and  iV+.  As  a  result,  in  a  quasi-steady  case,  we  readily  obtain  the 
following  relation  between  E  and  p\ 


E^  =  1.67  • 


(6) 


were  E  is  measured  in  Tg  in  K,  and  p  in  sec  The  subscript  o  stands  for 

parameters  of  the  ionosphere  at  jF  =  0.  When  deducing  (6),  transport  processes  were 
neglected  for  T  >  10  m  (  T  is  a  characteristic  size  of  the  disturbed  region)  at  the  heights 
2  ^  60  -  70  km.  Using  (6),  one  may  determine  the  atmospheric  electric  field  on  the  lower- 
ionospheric  boundary  from  the  experimental  values  of  p.  If  we  set  Tn  —  Tea,  then  the  well 
known  relation 

r.„  =  5.8-10-''iV„r,f,  (7) 

were  Nn  is  the  neutral  particle  number  density  at  a  particular  altitude  (in  cm  )  allows 
to  determine  the  undisturbed  values  of  p.  Usually,  we  assume  Pq  =  Pm,  although  it  is 
possible  to  determine  Pq  from  partial  reflection  data.  The  results  obtained  with  relations 
(1),  (6),  (7)  and  our  partial  reflection  da.ta  show  that  on  the  ionospheric  boundary  there 
are’ electric  fields  of  E  >  0.25U  •  m"^  in  about  70%  of  cases.  The  analysis  of  relations  (6) 
and  (7)  shows  that  relative  random  measurement  errors  in  electric  field  intensity  E  are 
due  to  relative  random  measurement  errors  in  p,  and  in  our  experiments  do  not  exceed 
30-50  %. 

The  results  obtained  significantly  improve  understanding  of  complicated  physics  of 
the  disturbed  ionospheric  D  region.  The  presence  of  significant  electric  fields  at  the  lower 
edge  of  the  ionosphere  (when  partially  reflected  signals  occur)  indicate  that  an  additional 
source  of  electron  heating  should  be  taken  into  account  while  investigating  a  disturbed 
ionosphere  and  radio  wave  propagation  conditions.  The  technique  described  here  permits 
the  real-time  derivation  of  changes  in  the  electric  field  intensity  at  the  lower  edge  of  the 
ionosphere  from  partial  reflection  measurements. 

The  authors  have  been  supported  by  Science  and  Technology  Center  in  Ukraine  Grant 

No.  471. 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


274 


MMET’98  Proceedings 


ABOUT  POSSIBLE  HARBINGERS  OF  EARTHQUAKES  IN  CHARACTERISTICS 
OF  VLF  SIGNALS  OF  ELECTROMAGNETIC  BACKGROUND 

N.  A.  Kazakova,  A.  G.  Kolesnik,  B.  M.  Shinkevich 

Siberian  Institute  of  Physics  and  Technology 
Novo-Sobomaya  Sq.,  1,  Tomsk  643050,  Russia 

tel:  +7-(3822)-412797,  fax:  +7-(3822)-233034,  e-mail:  natalia@elefot.tsu.tomsk.su 

The  problem  of  searching  for  forerunners  of  earthquakes  of  different  intensities  numbers 
tens  of  years  but  nowadays  is  still  one  of  the  hot  unresolved  problems.  Recently  it  has  been 
shown  that  the  processes  of  preparing  the  earthquakes  that  take  place  in  the  Earth  lithosphere 
manifest  themselves  not  only  on  its  surface,  but  in  the  variations  of  parameters  of  the 
ionosphere  plasma  as  well.  This  manifestation  is  ambiguous  and,  as  a  rule,  is  at  the  level  of 
noise  of  ionospheric  plasma,  that  does  not  enable  one  to  use  only  these  effects  as  practical 
earthquake  forerunners. 

It  was  established  by  numerous  studies  in  different  seismoactive  regions  of  Earth  that 
anomalous  changes  of  intensities  of  natural  electromagnetic  radiations  (EMR)  in  the  wide 
range  of  frequencies  preceded  a  significant  number  of  strong  earthquakes.  These  anomalous 
changes  of  intensities  of  natural  radiations  are  formed,  in  general,  by  ionospheric  plasma.  For 
the  first  time  such  anomalous  changes  of  natural  electromagnetic  fields  before  the  earthquakes 
were  registered  in  1973.  They  are  represented  mainly  by  an  increase  or  reduction  of  intensity  of 
a  natural  pulsing  electromagnetic  signal,  in  comparison  with  the  background,  for  several  or 
more  hours  before  the  strong  underground  hits.  When  generalizing  these  results,  it  is  necessary 
to  point  out  to  certain  general  regularities  of  observed  anomalies  of  the  ionosphere  parameters 
connected  to  the  seismic  events,  in  spatial  and  time  scales.  In  the  spatial  scale  it  is: 

-  “effect  of  crater”:  spatial  scale  of  the  earthquakes  preparation  process  decreases  when 
approaching  to  the  source; 

-  latitude-longitude  as3mimetry:  vertical  spatial  scales  of  F2  layer  along  the  parallels  are 
considerably  greater  than  the  spatial  scales  along  the  meridians. 

Besides,  two  characteristic  time  scales  of  manifestation  of  the  earthquake  preparation 
processes  are  observed  in  the  ionospere:  l)several  hours,  and  2)several  days  before  the 
earthquake. 

Based  on  [1-4],  it  is  possible  to  note  the  principal  anomalous  characteristics  of 
earthquake  harbingers  (in  the  range  of  heights  of  90  to  2500  km)  according  to  the  results  of 
various  observations:  by  the  methods  of  ground-based,  satellite  and  vertical  sounding,  VLF- 
radiographing  the  wavetide  in  the  Earth  ionosphere,  reception  of  ULF  radiations,  etc.,  in  a 
wide  range  of  frequencies: 

-  change  of  electronic  concentration  at  all  the  ionopsheric  levels  and  height  li  that  causes 
characteristic  variations  of  N  (h)-structures; 

-  increasement  of  fluctuations  of  critical  frequencies  in  ionosphere; 

-  increasement  of  variations  with  t>  2  h  in  the  critical  frequency  f  0  of  the  F2  layer, 

-  pulse  and  noise  radio  radiation  in  the  range  of  frequencies  of  lOHz  to  lOkHz  and  more; 

-  generation  of  alternating  EM  fields  in  the  range  of  frequencies  of  IkHz  to  lOkHz; 

-  formation  of  inhomogeneities  of  various  scales  in  the  whole  ionosphere. 

The  listed  harbingers  are  characteristic  for  the  earthquakes  with  magnitude  M  >  4  and 
manifest  themselves  during  several  days  to  hours  (tens  of  minutes)  on  vast  territories  at 
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hundreds  and  thousands  of  kilometers.  The  authors  would  like  to  mark  that  the  physical 
mechanisms  connecting  the  disturbance  in  ionoshere  with  the  earthquake  preparation  processes 
involve  both  electromagnetics  and  acoustics,  as  revealed  by  research. 

A  qualitatively  new  information  for  the  forecast  of  earthquakes  is  possible  to  be  obtained 
by  sounding  the  whole  space  of  ionosphere  disturbed  by  forerunners,  i.e.  by  realizing  a 
monitoring  of  space-time  parameters  of  the  ionosphere  in  a  wide  range  of  heights  and  vast 
areas,  that  is  by  using  ionosphere  as  a  detector  of  the  events  accompanying  the  earthquake 
preparation  process. 

In  this  work,  the  regular  measurements  of  parameters  of  VLF-signals  along  the  routes  of 
different  orientation  and  extention,  passing  near  seismoactive  regions,  and  the  data  of  vertical 
sounding  of  ionosphere  are  analyzed.  These  data  were  obtained  by  a  receiving-measuring 
complex  of  electromagnetic  background  of  environment  in  different  radiobands  including  the 
frequencies  from  0.01  Hz  to  30  MHz.  Joint  analysis  of  data  has  shown  that  in  the  time  period 
from  15  minites  to  4  hours  before  the  earthquakes,  an  increase  of  amplitude  of  VLF-signals 
and  a  growth  of  self-wave  structure  of  F2  layer  can  be  fixed.  In  Fig.l,  the  amplitude  value  of 
VLF-signal  at  the  frequency  of  12.9  kHz  along  the  line  Tomsk-Japan  on  June  9,  1997  are 
presented.  During  this  period,  manifestations  of  2  strong  earthquakes  occured;  l)at  07.19.48 
UT  in  Xizang,  M=4.5,  and  2)at  09.36.08  UT  in  Hokkaido,  Japan,  with  M  >  5.  Before  the 
earthquake,  an  increasement  in  the  signal  amplitude  was  observed.  These  earthquakes  occured 
at  the  magnetoquiet  time.  It  points  out  to  the  absence  of  both  planetary  sources  of 
electromagnetic  radiation  and  hence  the  conditions  perturbing  the  propagation  of 
electromagnetic  waves,  and  local  anomalies  of  EMR  due  to  the  seismoactive  phenomena  of 
earthquake  preparation. 

1568 . 8791  ~  I  I 


Fig.l  Diurnal  vaiiatioiis  of  amplitude  receiving  the  signal  frequency  12.9  kHz  of  route 
Tomsk  -  Susima  for  09.0fi.97  y.,  arrows  show  time-start  ttie  earthquake 

In  Fig.  2,  an  increase  the  signal  amplitude  is  observed  at  the  frequency  12.9  kHz  on  the  line 
Tomsk-Japan  on  November  28,  3  hours  before  the  second  earthquake  at  06.10.48  UT  in  the 
Sea  of  Okhotsk,  with  M>  5.1. 

This  earthquake  occured  at  the  background  of  a  strong  magnetic  storm,  i.e.  before  the 
earhquake  a  burst  of  X-ray  class  was  recorded.  Thus,  the  manifestations  of  seismic  events 
before  earthquakes,  in  amplitudes  of  VLF-signals,  are  observed  both  in  magnetically  disturbed 
periods  and  in  magnetically  quiet  time,  see  Fig.3. 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


276 


M MET’ 98  Proceedings 


route  Tomsk  -  Susima  for  28.11.P7  y. 


Fig.  3  Diurnal  variations  of  module  magnetic  feld  on  a)  for  0P.06.P7y.  and 
on  b)  for  28.11.97  y 


From  the  additional  spectral  analysis  of  fluctuations  of  critical  frequencies  of  F2-layer  it  was 
found  out  that  on  the  previous  day  before  a  group  of  strong  earthquakes  with  M>  4.5,  located 
approximately  in  one  region,  the  increase  of  separate  spectral  peaks  (periods  4.8;  1.846;  1.2 
and  0.522h.)  occured.  This  fact  can  be  used  as  an  additional  information  in  determination  of 
electromagnetic  forerunners  of  earthquakes. 
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multi-signal  studying  of  seismo-ionospheric  inter¬ 
connections  USING  VLF  OMNIPAL  RECEIVER 

M.  Hayakawa^  O.  A.  Molchanov^,  A.  V.  Shvets^  ,  N.  Yamamoto 

’  The  University  ofElectro-Cornmnnications,  1-5-1, 

^  NASDA  EORC,  1-9-9,  Roppongi,  Minato-ku,  Tolq^o  106, 

^  Institute  of  Radio  Physics  and  Electronics,  12  Proskury  st.,  Kharkov  3 10085,  UKRAINE 

ELF-VLF  measurements  aimed  for  the  seismo-ionospheric  effects  studying  had  been 
started  at  the  University  of  Electro-Communications  in  Chofu,  Tokyo  from  the  beginning  of 
9TThe  testing  of  Js  field  site,  placed  in  a  such  industrial  region  as  Tokyo  i^  showed  a 
good  quality  of  Measurement  ^.h  a  wide  spectnrm  of  el^t^^c  ph_  ,n  ^ 

resonance,  Trimpi  effect 
etc.)  Electronic  data  bank 
was  stored  with  high  time 
resolution  (0.1  s)  consisting 
of  diurnal  runs  of  narrow- 
band  signals  received  from 
Omega,  Tsushima  (till  its 
stopping);  China;  NPM, 
Hawaii;  NWC,  Australia 
loo  iS  140  iro  ifo  200  220  YLp  stations  using  digital 

Fie  1  Wavelet  transform  amplitude  of  terminator  minimum  time  vana-  receiver  OmniPAL. 

tions  of  Omega  Tsushima  signal  along  with  earthquake  acthnty  within  the  This  work  is  a  further 

third  Fresnel  zone  of  the  corresponded  propagation  path.  extension  of  the  study  by 

Havakawa  et  al  [1996]  in  which  the  terminator  minimum  time  method  for  the  searching  of 

Xie  proposed.  The  aufl.ors.fou„f 

^  ^ - minimum  time  in  diurnal  dependencies  of  the  Omega  (Tsu¬ 

shima)  VLF  station  just  few  days  before  the  Kobe  earth¬ 
quake  (M  =  7.2  ,January  17,  1995)  and  repeated  up  to  the 
day  of  the  earthquake. 

In  the  present  work  we  apply  a  new  processing  tech¬ 
nique  based  on  wavelet  analysis  to  clarify  the  hypothesis 
about  interconnection  between  an  intensification  of  planetary 
waves  and  seismic  activity  supposed  in  the  original  paper  by 
Hayakawa  et  al.  [1996].  An  ampUtude  of  a  Morlet  wavelet 
transform  calculated  for  a  day-to-day  dependence  of  the  eve¬ 
ning  terminator  minimum  times  in  diurnal  runs  of  the  Omega 
signal  received  at  Chofu,  Tokyo  is  presented  in  Fig.  1.  The 
.  contour  map  of  the  wavelet  amplitude  is  combined  with  a 

TrSl.  time-date  ^ 

-Chofu  T^O  propagation  path.  gation  path  dunng  the  semi-annual  observation^  penod.  A 

seoeraohical  distribution  of  corresponding  earthquakes  are 
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*  Invited  scientist  at  EORC  NASDA  of  Japan  during  preparation  of  this  work. 
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amplitude  is  combined  with  a  time-date  map  of  the  earthquakes  occurred  along  the  propagation 
path  during  the  semi-annual  observational  period.  A  geographical  distribution  of  corresponding 
earthquakes  are  shown  in  Fig.2.  with  the  strongest  cases  (M>5)  marked  by  numbers  in  both 
graphs.  The  contour  lines  shown  begin  from  1/3  of  the  dynamic  range  of  the  wavelet  transform 
amplitude.  An  intensification  of  some  frequency  components  in  this  graph  can  be  referred  to  the 
periods  in  March  and  July  with  an  enhancement  of  seismic  activity  included  the  most  strong 
earthquakes  (M  ~  5. 1-5.9,  cases  1-4).  It  is  clearly  seen  two  wide  maxima  corresponded  to  perio¬ 
dicity  of  about  10  days.  In  the  third  case  the  -lO-day  oscillations  in  the  lower  ionosphere  pa¬ 
rameters  ascribed  to  the  evening  terminator  time  are  accompanied  in  part  by  ~5-day  and  ~2-day 
harmonics.  We  can  also  see  not  so  prominent  maximum  of  about  8  days  period  preceding  to  the 
last  earthquake  (case  4)  with  M  =  5.1.  A  comparison  between  different  station  signals  show,  that 
the  effect  of  increasing  of  the  10-day  oscillations  corresponded  to  seismic  processes  is  observed 
rather  clearly  for  relatively  short  (less  than  1000  km)  propagation  paths,  such  as  Tsushima  -  To¬ 
kyo  path  is  in  our  case.  Nevertheless,  some  coincidence  is  observed  in  the  terminator  minimum 
fluctuations  of  China  and  NPM  station  signals  within  a  propagation  path  of  about  3000  km  and 
6000  km  length  correspondingly. 

In  the  result  of  this  study  on  the  base  of  wavelet  analysis  of  VLF  data  describing  the  lower 
ionosphere  parameters  fluctuations  ascribed  to  the  terminator  time  and  covering  a  semiannual  pe¬ 
riod  we  can  make  the  next  conclusions. 

•An  enhancement  of  periodical  components  in  fluctuations  of  parameters  of  VLF  signal 
during  evening  terminator  period  is  observed  before  relatively  strong  earthquakes  (M  =  5.1  -  5.9). 

•These  oscillations  arise  with  periods  of  about  10,  5,  2  days  which  are  in  the  range  of  dif¬ 
ferent  modes  of  the  atmospheric  planetary  waves. 

•Data  from  relatively  short  propagation  paths  (less  than  ~1000  km)  reveal  a  better  corre¬ 
spondence  to  seismic  activity  in  comparison  with  more  longer  paths. 

The  signature  of  planetary  waves  in  the  fluctuations  of  ionospheric  parameters  observed  in 
our  study  connected  with  seismic  activity  let  us  to  consider  the  planetary  waves  as  a  possible  part 
of  a  mechanism  of  triggering  of  earthquakes.  We  hope  that  experimental  evidences  of  a  connec¬ 
tion  between  seismic  processes  and  planetary  waves  found  in  our  study  will  induce  a  discussion 
about  this  mechanism. 
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STATISTICAL  ANALISYS  OF  A  DISPLACEMENT 
OF  AUTOCORRELATED  FUNCTIONS  PROCESSING 
PROCEDURES  BY  INCOHERENT  SCATTERING  IN  IONOSPHERE 

Mazmanishvili  A.S.,  Rogozhkin  E.V.,  Suriadniy  A.S. 

Kharkov  State  Polytechnic  University, 

Ukraine,  310002,  Kharkov,  Frunze  str.,  21 


The  new  statistical  approach  to  the  analysis  of  data  of  an  incoherent  scattering  in  iono¬ 
sphere  is  offered.  It  consists  on  accounting  the  displacement  of  values  of  autocorrelated 
functions  estimations.  It  is  shown  that  with  such  account  the  error  of  estimations  of  tem¬ 
peratures  of  ionic  and  electronic  ionosphere  components  is  reduced  up  to  twice. 


1.  The  advantage  of  the  incoherent  scattering  (IS)  method  is  a  possibility  to  trace  the  dy¬ 
namics  of  ionosphere  processes  during  long  periods  (solar  activity  circle,  seasonally  and  daily 
changes)  as  well  as  short  periods  of  time.  For  want  of  those  it's  suggested  that  hardware  observa¬ 
tions  be  conducted  correctly,  it  means  that  hardware  parameter  changes  take  no  place  or  they  are 
post-corrected.  The  information  about  ionosphere  is  being  obtained  using  the  values  of  autocor¬ 
related  functions  (ACF)  of  signal  scattering  spectrum  valuation  analysis  and  it  still  might  happen 
that  in  conditions  of  great  estimation  variance  the  estimations  of  ionosphere  parameters  would  be 
also  displaced.  Thus  the  changes  of  external  conditions  lead  to  errors  of  systematic  kind.  There¬ 
fore  the  problems  that  appear  are  to  reveal  the  fact  of  displacements  existence,  to  detect  the  de¬ 
gree  of  those  displacements,  to  detect  the  character  of  errors  and  to  find  out  how  to  avoid  such 
errors. 

On  the  nature  the  IS  signal  is  properly  a  casual  signal  with  normal  rule  of  amplitudes 
distribution.  Each  ordinal  value  of  IS  ACF  may  be  considered  as  a  normal  random  value.  When 
the  data  are  numerically  processed  one  of  processing  operations  is  to  put  an  ACF  7?(r)  to  a  stan¬ 
dard  form  when  i?(0)  =  l.  Dividing  all  the  counts  of  ACF  on  its  zero  count  approaches  this. 
When  estimating  necessary  ionosphere  parameters  it  is  these  normalized  ACF  data  to  be  used. 

In  this  work  the  question  of  ACF  valuations  displacement  appearing  as  a  result  of  nor¬ 
malizing  procedure  is  considered  using  an  example  with  selected  ACF  sequences.  Meanwhile  it  s 
suggested  that  ACF-valuations  are  not  displaced  till  the  normalization  and  the  noises  relevant  to 
all  ACF-counts  are  normal  values  with  zero  expectations  and  fixed  variance. 

2.  Mathematically  the  problem  is  being  reduced  to  statistical  exposition  of  a  casual  value 

-  estimation  of  R  which  is  expressed  by  the  ratio 

R^XJX,,  (1) 

where  X^  -  zero  ACF-count,  and  X„  -  remaining  ACF-counts  («  >  O)  The  densities  of  ACF- 


counts  distribution  are  given  below 


aU)= 


1 


exp^- 


2cxl 


p«k)= 


4^' 


(2) 


where  -  perfect  (undisplaced)  ACF-value  ( n  >  0) ,  ol  -  variance,  k„  -  perfect  ACF-value, 
al  -  variance  (n  >  O)  .  The  distribution  densities  of  the  required  ratio  equals  to  the  following; 
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m = -2—  j|;,,|exp|- 

2;r<7.o-,  i'  n  2<7?  I 


For  digital  accounts  realization  the  following  modification  of  formula  (3)  is  convenient: 

/(P)  = _ L_exp|-^^^£z^l - / ^  /  B  'll 

27C(T^(7„  1  A 


1  f 

—exp - 

A  ^  A 


^Byf^  J  B 

+  — ^erf  -p. 

A^  \-Ja 


where  A  = 


2^0  2(T„r 


^0  .  rk„  ^  ^ 

lal'^laV  2^.^  2^'  -  error  function. 


In  special  case,  when  -  0  and  -  0  for  any  n,  densities  (4)  turns  into  its  analogue, 

which  corresponds  to  a  casual  value,  distributed  under  the  Coshi's  law.  There  are  no  moments 
this  casual  value  has,  and  when  estimating  by  method  of  maximum  approaching  it  is  an  argument 

point  used,  which  gives  maximal  densities.  In  this  case  estimation  displacement  appears  because 
of  and  k„^0  . 

3.  To  detect  the  degree  of  the  displacement  the  modeling  numerical  experiments  were 
conducted.  In  those  experiments  well  known  ACF-depending  were  used  as  perfect  values.  At 
fig.  1  an  example  of  45-item  densities  set  is  represented  f{r)  Account  parameters;  T,  =  lOOOK, 

T;  =2000K,  working  wavelength  -2  m,  or„  =  =  30/0  .  Estimations  according  to  depending 

(fig.l)  are  given  at  fig.2.  The  set  of  estimable  depending  is  taken  for  a  perfect  case 
^^0  -  =  0  %  (continuous  curve)  and  cTo  =  (t„  =  30%  (circles).  Figures  shows  that  even  surplus 

estimation  displacement  take  place.  Using  (5)  one  can  show  that  estimating  surplus  Ar  we  ob¬ 
tained 

l^  =  Kallk\. 

At  fi^es  3-6  there  are  estimation  results  of  selected  pairs  of  ionic  and  electronic  compo¬ 
nents  taken  for  different  variances  represented  (selected  average  values  and  scatter  value  are 
specified).  The  results  were  obtained  conducting  modeling  numerical  experiments  (with  use  of 
pre-counted  ACF-hbraiy).  It's  obvious  that  surplus  account  (5)  realization  (pictures  on  the  right) 
reduces  to  diininution  of  obtained  temperature  estimations  statistical  scatter  on  a  comparison 
with  traditional  approach  (pictures  on  the  left).  ^ 

4.  Thus  Ae  distortions  of  ACF-data  appearing  during  the  data  zero  count  normalization 
are  investigated  in  the  work.  Assuming  parasites  normal  and  signal/noise  ratio  value  small  an  ex¬ 
plicit  expression  for  displacement  Ar  ofACF-estimation  R  is  obtained.  Account  of  specified 
displacement  will  allow  to  obtain  more  fiducial  infoimation  about  ionosphere  parameters 

. . \m 


Fig.  1.  The  set  of  densities  /(r)  of  casual 


0  15  30  T  45 

Fig.2.  Perfect  ACF  (continuous  line) 
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estimation  for  45-item  ACF.  and  its  R  estimations  (circles). 


0.0  0.1  0.2  o  0.3  0.0  0.1  0.2  o  0.3 

Fig.3.  Ionic  temperature  estimation  and  scatter  {T,  =  S56K;T^  =  856A!’). 


0.0  0.1  0.2  c  0.3  0.0  0.1  0.2  a  0.3 

Fig.4.  Electronic  temperature  estimation  and  scatter  (r,  =  856;!’^  =  856A:). 


0,0  0.1  0.2  o  0,3 

Fig.6.  Electronic  temperature  estimation  and  scatter  (7;  =  Z56K;T,  =  31817:), 
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VLF  SCATTERING  FROM  RED  SPRITES:  VERTICAL  COLUMNS  OF 
IONISATION  IN  THE  EARTH-IONOSPHERE  WAVEGUIDE 

Craig  J.  Rodger  (1),  James  R  Wait  (2),  and  N.  R  Thomson  (3) 

( 1 )  British  Antarctic  Siirvey,  Cambridge,  United  Kingdom 

(2)  2210  East  Waverly,  Tucson,  Arizona,  USA 

(3)  Physics  Department,  University  of  Otago,  Dunedin,  New  Zealand. 

Abstract  Red  Sprites  were  discovered  by  chance  in  1989  when  a  Low  Light  TV  system  was  pointed  above  an 
active  thimderstorm.  Optically,  red  sprites  are  observed  as  clusters  of  short-lived  (~50  ms)  pinkidi-red  luminous 
columns,  stretching  from  -40  km  to  ~85  km  altitutte,  each  about  1  km  wide.  Red  sprite  discharges  produce 
columns  of  ionisation  in  the  Earth-ionosphere  waveguide,  which  can  persist  for  to  ~  100  s  at  higher  altitudes. 
The  ionised  columns  have  been  observed  through  "VLF  Sprites",  perturbations  of  the  jAase  and/or  amplitude  of 
subionospheric  VLF  transmissions,  which  can  be  used  to  study  the  electrical  properties  of  the  red  sprite  columns. 
Previous  theoretical  studies  of  red  i^te  columns  have  simplified  the  problem  1:^  assuming  the  columns  were  of 
infinite  length,  or  inside  a  "flat-earth"  waveguide.  We  present  calculations  using  well-developed  VLF 
propaption  methods  to  describe  a  finite  length  sprite  inside  a  realistic  Earth-ionosphere  waveguide. 

Introduction 

Red  sprites  were  discovered  by  chance  in  1989,  when  a  Low  Light  Level  TV  (LLLTV)  system  was 
tested  through  nighMime  observations  of  near-horizon  stars.  During  this  time,  an  active  thimderstorm 
occurred,  just  over  the  horizon.  The  LLLTV  camera  observed  a  twin  upward  flash  originating  in  the 
distant  cloud  tops  lasting  over  two  1/60  s  TV  fields  [Franz  et  al,  1990].  This  was  the  first  known 
observation  of  this  phenomenon,  now  termed  a  "red  sprite".  Optically,  red  sprites  are  observed  as 
clusters  of  short-lived  (~50  ms)  pinkish-red  luminous  columns,  stretching  fi'om  ~40  km  to  ~85  km 
altitude,  each  about  1  km  wide  [see  the  review  by  Rodger,  1998].  While  the  original  observation  was 
made  with  a  LLLTV  camera,  red  sprites  are  often  visible  to  the  imaided  human  eye. 

Red  sprite  discharges  produce  columns  of  ionisation  in  the  Earth-ionosphere  waveguide,  which  can 
persist  for  up  to  ~  100  s  at  higher  altitudes.  The  ionised  columns  have  been  observed  through  "VLF 
Sprites",  perturbations  of  flie  phase  and/or  amplitude  of  subionospheric  VLF  transmissions,  which  can 
be  used  to  study  the  electrical  properties  of  the  red  sprite  columns.  Previous  studies  of  VLF  scattering 
fi-om  red  sprites  have  made  a  number  of  simplifying  assumptions;  for  example  assuming  the  columns 
are  infinitely  long  to  examine  the  scattering  from  multiple  interacting  (non-Bom)  columns,  or 
examining  a  single  column  inside  a  "flat-earth"  waveguide.  In  this  paper  we  make  use  of  a  modified 
form  of  the  theory  put  forward  by  Wait  [1991],  to  examine  a  column  of  ionisation  inside  the 
waveguide,  and  including  the  eflfects  of  mode  conversion  at  the  scatterer.  The  Wait  [1991]  ejqjressions 
are  extended  to  remove  the  first  order  Bom  approximation  used  to  estimate  the  induced  currents  <m  the 
column. 

Scattering  from  a  Column  in  the  Earth-Ionosphere  Waveguide 

In  our  scattering  situation  the  Earth's  surface  is  at  r  =  a,  and  the  ionosphere  at  r  =  a+h  in  a  spherical 
coordinate  system  (r,  6,  with  origin  at  the  Earth's  centre.  The  Earth's  surfoce  is  characterised  by 
constant  surfoce  impedance  and  the  reflecting  boundary  of  the  ionosphere  by  an  effective  surfiice 
impedance  Z..  The  time  factor  in  our  analysis  is  exp(+ja)t),  where  (o  is  the  angular  fi'equency  of  the 
primary  field.  The  radial  (i.e.  vertical)  electric  field,  at  great  circle  distance  s  =  r6,  ^=0,  and  r  =  a+z', 
is  designated  (s,  z),  where  z'  is  the  height  of  the  observer  above  the  Earth's  surfece.  The  scattered 
field  fi’om  a  radially  orientated  column  of  ionisation,  stretching  from  r  =  a+z^  to  r  =  a+h,  with 
conductivity  a(z')  =  a  (i.e.  constant  with  z*),  cross-sectiwial  area  dA,  at  great  circle  distance  <s?j  firom 
the  source  dipole  (and  great  circle  distance  fi-om  the  observer)  is  designated  (s,  z).  Wait  [1991] 
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shows  that  the  ratio  of  the  scattered  field  to  the  primary  field  at  the  observer  (point  P,  at  great  circle 
distance  d  fi-omtiie  source  dipole  and  altitude  is: 


K(d,z,) 


=  dA 

y 


1  ^  ^ 

n  m 

j|  Injkdyd^ 

(1) 


where  k  =  .Jeju^Ci) ,  x  ~  (did),  Xi  ~  (koliy^  (djd),  Xz  ~  (kcil2y'^  (djd), 

y,  =  (kaliy^'nh,  yi  =  (kall)-^'^  kz„  =  (ka/iy^'Hz^, 

n  order  number  of  the  primary  (incident)  waveguide  modes, 

m  order  number  of  the  scatter^  waveguide  modes, 

G„,  height  gain  fimctions,  which  satisfies  the  differential  equation, 

d^G„/df  =  (t„-y)G„ 

for  eigenvalues  which  satisfy ^(0  B(f)  -1  =  0  [see  Wait,  1991,  or  Wait,  1995] 

A„  excitation  fectors  of  the  waveguide  modes, 

C  mode  conversion  factor,  which  in  the  case  of  an  ionised  column  fi'om  z  =  to  z  =  /j  is: 

fun 

[G.MG.Mdz' 


A  simple  modification  of  the  working  equations  in  Wait  [1991],  is  to  replace  the  actual  column 
conductivity  o(z')  by  an  effective  (complex)  cmiductivity  o;(z).  The  inqjlementation  of  this  step  is: 
o(z)&4  =>  a(z')%  =>  ajlz^n  d^  ^  [Z/z^+ZJ-* 

where  d  is  the  radius  of  the  conducting  column, 

Z^(z')  is  the  axial  (z'  dependent)  internal  impedance  of  the  column, 

Z^  is  the  external  impedance  of  the  column. 


Once  again  assuming  that  electrical  properties  (cr,  ec,  fic)  of  the  column  are  independent  of  z',  the 
column  iiiq)edances  are  given  by  [Wait,  1986]: 

^  1 


jju,Q>  iJrA) 


where 


+  I,(r^d) 

/_  is  the  modified  Bessel  function  of  type  one  and  order  x. 


Z  =  f'ij  where  K.  =  modified  Bessel  function  of  type  two  and  order  zero 

“  In 


Example  Calculation 

The  scattered  electric  fields  from  red  sprites  can  be  investigated  using  equation  (1),  along  with  the 
mnaifiratiftn  detailed  above.  We  investigate  the  situation  appropriate  for  the  VLF  transmitter  NLK 
(Seattle,  48®  12'  15"  N,  121°  55'  00"  W,  24.8  kHz)  propagating  to  Colorado,  where  several  red  sprite 
research  canq)aigns  have  been  conducted.  The  transmitter-column  distance  is  set  to  1000  km,  the 
column  radius  d  is  500  m,  lowest  column  altitude  50  km,  and  column  conductivity  cr  is  10-^  S/m.  The 
sur&ce  in:q)edance  Z^  of  the  groxmd  (wifli  electrical  properties  Og,  Sg,  is  given  by: 


Of  great  importance  in  any  studies  of  prc^agatioo  inside  the  Earth-ionosphere  waveguide  is  die 
selection  of  an  ionospheric  model.  We  make  use  of  propagation  parameters  produced  by  the  US  Naval 
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Ocean  Systems  Center  program  Modefinder  to  calculate  the  waveguide  mode  eigenvalues,  and  the 
ionospheric  surface  impedance  Z-,  which  is  dependent  upon  the  mode  order  (n,  or  m).  The  ionospheric 
height  h  is  84  km,  which  is  reasonable  for  night-time  propagation.  Given  the  quite  short  propagation 
distances  involved  in  this  situation,  a  large  number  of  modes  must  be  included  in  the  calculations. 
Guided  by  the  results  of  Modefinder^  we  include  22  modes  in  our  calculations  (although  this  includes  a 
large  degree  of  redundancy). 

Figure  1  shows  the  magnitude  of  the  ratio  given  in  equation  (1).  As  is  clear,  there  is  a  large  degree  of 
variation  in  the  observability  of  the  scattered  signal  relative  to  the  primary.  However,  this  is  somewhat 
similar  to  the  results  of  Rodger  et  al.  [1998],  where  there  was  large  variability  in  the  scattered  signals 
azimuthally  around  a  set  of  columns.  Thus,  one  can  expect  large  variability  in  the  scattered  signals  in 
two  situations  -  when  one  moves  azimuthally  around  a  set  of  columns,  but  also  when  one  travels 
radially  away  from  a  set  of  columns  (a  red  sprite  event). 

At  a  great  circle  distance  of  200  km  from  the  column  (that  is  the  observer  is  200  km  from  the  column 
and  1200  km  from  the  transmitter),  the  magnitude  of  the  ratio  of  scattered  field  to  primary  field  is  - 
27.2  dB.  At  1200  km  from  NLK  (towards  Boulder,  CO),  the  primary  field  strength  is  74.15  dB  above 
1  \iW/m  (about  5.1  mV/m).  Thus  the  perturbation  is  224.4  ^V/m,  which  is  very  small.  However, 
Rodger  et  al.  [1998b]  have  shown  that  the  field  from  15  columns  (experimentally  determined  from  a 
red  sprite  image)  can  be  more  than  20  dB  higher  than  that  for  a  single  column,  resulting  in  a 
perturbation  of  -2.23  mV/m,  which  will  certainly  be  detectable!  Rodger  and  Dowden  [1998]  estimate 
a  reasonable  lower  limit  for  direction  finding  measurements  of  VLF  sprites  from  NLK  as  30  dB  below 
the  primary  (the  detection  limit  is  more  like  -^0  dB).  Figure  1  suggests  that  VLF  sprites  should  be 
observable  on  NLK  for  most  great  circle  distances  from  100  km  to  2000  km,  but  with  a  small  hlind 
patch’  near  450  km  (depending  on  the  number  of  columns  present).  Dowden  et  al.  [1996]  found  that 
the  detection  efficiency  of  (optical)  red  sprites  through  observations  of  VLF  perturbations  was  -95%. 


Figure  1.  The  variation  in  the  magnitude  of  the  ratio  of  the  scattered  field  to  the  primary  field  (as 
given  by  a  modified  equation  (1)),  with  distance  from  the  radiating  column. 
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WAVELET  ANALYSIS  OF  THE  ELF  SIGNATORES  OF  GLOBAL 
thunderstorm  activity 

Vladimir  Vinogradov,  Galina  Litvinenko 

.he  given  wcA  «.e  sign^  fto.  ^  C"or.h"  o^!t: 

method  of  wavelet  transform  with  the  purpose  to  ch  ^  thunderstorm 

„f  .„oi«  eomponen.  in  »”  > 

center  moves  up  to  a  reception  point,  «ower  soectrum  M  T  Y 

decrease,  gaining  a  character  of  flicker-notse  process  vnth  a  power  spectrum  J 

accepting  values  in  limits  [from  1 .  to  1 .2]. 
lu, eduction.  The  radiation  ftom  the 

spherical  Earth-iono^tere  cawV  tte  ^  e^  publications  are  devoted  to  a 

Low  Frequency  (ELF)  range  (4-40  Ha),  ^t^om 

research  of  this  range  of  fre^enaes.  n  ^  observed  a  possibility  of  whose  origin  for 

resonance  maxima  on  ce|^^uma«^  1  spectrum  of  the  Earth- 

the  first  time  was  specified  by  J'  ^oerimentally  detected  by  Balser  and 

ionosphere  resonator  eigen  frequencies,  w  expressed  resonance  maxima  on  the 

Wagner.  Such  a  f»™  ^led  a  Schlann  spectrum.  As  it  was  shown  ea«er 

frequencies  8,  14,  21, 26, 32  Hz  usually  c  connected  mainly  to  a  radiation 

(seJ  for  instance  [2]),  el^-^wmagnettc  e„^  ^ 

of  vertical  tonderstortn  discharges  (dtschatg^  ^^^^  , 

discharges).  K  is  necessary  to  ”“V“  “  A,  long-distance  thunderstorms,  it 

measurement  of  signals  from  long-  happens  continuously  (~  100 

is  accepted  to  name  a  thunderstorm  activ  y  &  harvlforound  noise  However,  for  the 
discharges  in  1ft)  and  produces  centers  are  ^ 

observations  of  a  near  thunderstorm  agn  ,  .  ^  „  different.  Firstly,  the  signal  intensity 

to  500  km  from  the  receiver,  the  spertra  fo  no  clearly  expressed  resonance  maxima 

increases  in  tens  to  hundr^s  times.  Y’  ^  ^jj^y  ^he  spectral  curves  smoothly  decrease, 

in  the  energy  spectra;  with  the  mcrea  thunderstorm  signals  it  has  been  suggested  to 

In  view  of  such  spectral  character  of  nea  “Sted 

analyze whetherthegivennoiseproce^c^  i, 

The  flicker-noise  or,  as  it  is  accepted  to  native  it  m  tne  moue  ^  ^ 

uhamcerized  by  a  s^tid  x“  uamrc  of  .he  mdiarion  of 

constant  accepting  the  values  from  0-8  ^P  to  aui  now 

thunderstorms  has  not  been  mvestigat^  in 

Observation  data.  The  ^  ^  Low-frequency  Observatory  during  the 

Astronomy  hKhW®  “f  xL  ^crinX  have  been  carried  out  by  a  group  of  the  employees 
summer  season  of  1997.  The  expenmenxs  nd 

oflonospheric  Research  Department  otfte^ 

for  research.  In  experiments,  the  ve  i  4  to  40  Hz  are  determined  by  the  near 

to  noise  circumstanees  for  which  m  the  range  of  4  to  4U  tiz  ar 
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thunderstorm  discharges,  rainfall  and  wind.  The  characteristic  feature  of  a  reception  tract  was 
in  building-up  a  "rectangular"  frequency  characteristic  in  the  band  of  the  first  five  Schumann 
resonances.  The  level  of  noise  signals  corresponding  to  the  Schumann  maxima  at  the  place  of 
reception  was  «(2-5-4)10^  V/m  that  did  not  contradict  with  the  known  from  the 
literature  data. 

Method  of  the  analysis.  Processing  of  signals  from  the  near  and  long-distance  thunderstorms 
was  carried  out  by  the  method  of  wavelet  analysis  which  is  now  widely  applied  in  the  problems 
of  signal  processing.  For  one-dim«isional  signals  s(t),  a  wavelet  transformation  consists  in  their 
expansion  in  terms  of  obtained  from  the  mother-wavelet  ^(t)  basis  of  functional  Hilbert  space 
by  the  scale  transformations  and  shifts; 

^(0  =  1  (1) 

m  n 


where  =  "t-n),  7W,«  e{...,-2,-l,0,l,2,...},  Misthescalingindex,nisthe 

translation  one. 

So  the  wavelet  transform  performs  a  time-frequency  description  of  the  signal  s(t)  with  the 
wavelet  coefficients  s" . 

To  prove  our  supposition  that  ELF  signals  produced  by  the  near  thunderstorms  have 
component  with  a  spectral  density  proportional  to  1/  /^ ,  algorithm  developed  in  work  [3]  for 
determining  the  spectral  parameter  y  was  used.  The  indicated  algorithm  is  based  on  a  maximum 
likelihood  estimation  for  the  wavelet  coefficients  s” .  It  was  supposed  that  the  near 
thunderstorm  signal  s(t)  can  be  considered  as  a  superposition  of  a  flicker-component  and  a 
white  Gaussian  noise: 


s(t)  -f(t)  +  (2) 

where  f(t)  is  the  flicker-type  process,  w(t}  is  the  white  Gaussian  noise.  Because  of  the  linearity 
of  the  wavelet  transformation,  the  wavelet  coefficients  s"  for  (2)  are  also  a  sum  of  two 
components.  Wavelet  coefficients  s"  for  (2)  were  obtmned  numerically. 

Results.  Thus  we  analyzed  the  signals  from  long-distance  and  near  thunderstorm  centers.  A 
special  interest  for  processing  represented  a  recording,  which  included  both  as  "quiet" 
conditions  (global  thunderstorm  activity)  and  the  beginning  of  a  near  thunderstorm.  For  these 
events  in  Fig.  1  a  histogram  of  a  variation  of  parameter  y  as  function  of  time  is  constructed. 
Simultaneously,  in  Fig.  2  a  time  dependence  of  the  signal  to  noise  ratio  (SNR)  is  presented  ( 
here  f(t )  was  assumed  as  the  signd  in  (2)),  to  show  the  efficiency  of  s(t)  modeling  with  the 
flicker  noise  component.  A  comparison  of  the  graphs  in  both  Figures  shows  good  correlation 
in  the  behaviour  of  obtained  dependences.  While  a  thunderstorm  center  is  moving  up  to  the 
receiver,  substantial  increase  of  the  values  y  and  signal  to  noise  ratio  takes  place.  Estimation  of 
the  values  y  and  SNR  from  Figs.  1  and  2  showed,  for  a  signal  of  a  near  thunderstorm,  that 
y=1...1.2  and  SNR  27... 32  dB  that  proves  the  presence  of  a  clearly  expressed  flicker- 
component  in  the  investigated  signal. 
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Conclusion.  Application  of  the  wavelet  analysis  method  to  a  research  of  the  noise  radiation  of 
ELF  range  generated  long-distance  and  near  thunderstorm  discharges  has  enabled  us  to 
determine  the  presence  of  a  flicker-component  in  the  signals  produced  by  the  near 
thunderstorm  center.  This  result  can  be  used  for  a  determination  and  classification  of  noise 
signals  of  both  terrestrial  and  extraterrestrial  origin.  It  is  necessary  also  to  notice,  though  by  us 
such  a  problem  has  not  been  considered,  that  an  analysis  of  mathematical  model  of  the  process 
(for  example,  the  characteristics  of  the  form  of  the  given  signal)  possessing  the  1/f  -  noise,  can 
throw  a  light  on  the  understanding  of  the  physical  mechanism  causing  the  given  phenomenon. 
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1.  Introduction 

The  propagation  of  radio  waves  through  the  ionosphere  generally  results  in  nonlinear  inter¬ 
actions  of  the  electromagnetic  field  with  the  plasma,  modifying  the  electrodynamical  charac¬ 
teristics  of  the  latter.  The  question  of  principal  importance  for  the  observation  of  such  effects  is 
sensitivity  of  the  methods  and  devices  applied  for  the  registrations.  It  should  be  noted  that  the 
threshold  levels  of  the  external  fields  for  stimulating  nonlinear  effects  in  the  ionospheric  plasma 
are  quite  low,  vaiying  between  10‘*  and  10'^  V/m  for  different  types  of  the  effects  at  different 
heights  [1].  Active  experiments  with  the  "heating"  facilities  in  the  USA,  the  USSR  (and  later  in 
Russia  and  Ukraine),  and  Norway  allowed  investigating  a  series  of  new  phenomena  in  the 
ionosphere  [2].  Obviously,  implementation  of  such  experiments  is  very  complicated.  Mean¬ 
while,  other  possibilities  exist  to  investigate  nonlinear  interactions  between  natural  wave  fields 
and  the  ionosphere,  involving  no  active  (i.e.  using  dedicated  transmitters)  experiments.  Such  an 
approach  was  realized  by  the  authors  in  paper  [3],  where  a  cross-modulation  effect  between 
the  Schumann  resonances  (SR)  and  round-the-world  HF  signals  was  detected  and  interpreted. 

This  paper  describes  an  attempt  of  detecting  nonlinear  effects  in  the  ELF  band  alone  (4  to 
40  Hz)  where  the  Schumann  resonance  spectrum  belongs.  Preparing  the  investigations  we  used 
the  following  speculations.  Passage  of  a  radio  signal  through  a  nonlinear  "device"  (propagation 
medium)  is  accompanied  by  the  appearance  of  combination  spectral  lines  at  frequencies  fy , 

that  are  either  higher-order  harmonics  of  the  initial  spectral  components,  i.e.  fy=j-f,  (here  i 
and  j  are  integers  and  /,  is  the  /  -th  spectral  component  frequency  of  the  initial  signal),  or 
sum/difference  combinations  of  the  fi’equencies  contained  in  the  signal  spectrum,  i.e. 
fij±  =  ^  distinctive  feature  of  the  "new"  harmonics  is  their  statistical  relation  to  the  initial 


spectrum  components  at  the  fi-equencies  /  and  / .  It  is  obvious  that  the  common  thermal 
nonlinearity  type  would  be  quite  weak  at  ELF,  as  for  as  the  Schumann  signal  power  ~  El  is 
small  in  comparison  with  the  plasma  field  power  ~  El  in  the  lower  ionosphere.  The  estimates 
made  in  paper  [3]  show 


in  the  ELF  band,  and  hence  direct  heating  of  the  ionospheric  plasma  by  the  Schumann  reso¬ 
nances  does  not  exceed  lO"^  K .  This  means  that  in  order  to  detect  the  extremely  weak  combi¬ 
nation  effects  in  the  band  the  averaging  time  should  greatly  exceed  that  of  observation  of  the 
Schumann  spectral  maxima  themselves. 

Yet,  in  spite  of  the  unsatisfactory  estimate  of  equation  (1)  the  band  was  chosen  for  a  search 
for  natural  nonlinearities,  the  reasons  behind  being  as  follows.  First,  the  global  Earth  -  iono¬ 
sphere  resonator  exists  permanently;  second,  it  is  constantly  stimulated  by  the  world  lightning 
activity;  third,  the  average  parameters  of  the  resonator  are  quite  stable,  and,  fourth,  the  Schu¬ 
mann  spectrum  is  of  multimode  character  with  well  known  fi’equencies  of  the  spectral  peaks. 
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1. e.  «7.8  Hz;  Fj  «14.0  Hz;  F3  »20.0  Hz;  F^  *26.1  Hz,  and  F,  *3L8  Hz  [4].  In  addition,  we 
would  note  that  there  is  a  rather  strong  natural  nonhnearity  in  the  atmosphere  and  lower  iono¬ 
sphere,  caused  by  super-powerful  lightnings,  which  can  play  the  role  of  nonlmear  transformers 
of  incident  electromagnetic  fields  [5, 6], 

2.  Measuring  technique.  Power  spectra  of  the  Schumann  resonances 

The  first  stage  of  data  processing  was  computing  the  average  amplitude  spectrum  or  the 

signal  U{t), 

S if)  =  } 

where  S,(/)  is  the  spectrum  for  the  i  -th  period  of  length  r ,  and  the  angular  brackets  denote 
averaging  over  N  realizations. 

<i5^(/)r>=iti5,(/)r . 

The  realization  length  was  chosen  to  be  equal  to  r  *  6.8  s.  It  is  known  (see,  for  example,  [4]) 
that  the  optimum  averaging  period  is  between  5  and  10  minutes  which  allows  calculatmg  dis¬ 
tinct  SR  spectrum.  However  spectra  obtained  at  such  periods  contain  no  sign  of  nonlmear 
transformation  of  the  observed  signals.  For  this  reason  we  averaged  the  spectra  over  much 
longer  periods  (about  2  hours  of  averaging).  Fig.  1  shows  typical  SR  spectra  m  the  cases  of 
low  (Fig.  lA)  and  high  (Fig.  IB)  external  noise  circumstances.  The  interferences  are  ch^ac- 
terized  by  wide  frequency  band,  with  the  intensity  increasing  in  the  low  frequency  part  of  the 
spectrum^  and  considerable  (tens  and  hundreds  times)  excess  over  the  SR  leve . 

A  ® 


Fig.  1.  The  SR  amplitude  spectra  under  the  conditions  of  low  (A)  and  high  (B)  level  of  exter¬ 
nal  interferences. 

During  two  measuring  campaigns  (July  1996  and  July  -  August  1997)  over  100  hours  of  the 
SR  observational  data  were  accumulated.  The  amplitude  spectra  averaged  over  the  intervals 
from  2  to  4  hours  were  calculated.  Nevertheless,  for  these  long  averaging  sessions  no  consid¬ 
erable  increases  of  the  spectral  density  in  the  vicinity  of  doubled  frequency  of  the  first  SR  mode 
2yj  =  (15.6  ±0.5)  Hz  and  combination  frequencies  of  the  first  and  second  ones  /,2_  =  (6.2  ±0.5) 

Hz  and  /,j^  =  (218  ±0.5)  Hz  were  detected. 

3.  Multiplicative  algorithm  for  processing  the  SR  data 

To  discover  the  combination  lines  in  the  Schumann  resonance  spectra  a  special  multiphca- 
tive  algorithm  was  applied.  It's  essence  is  as  follows.  Let  us  assume  the  analyzed  si^al  U(t)  to 
consist  of  two  initial  narrow-band  components  at  the  frequencies  /,  and  and  their  combina¬ 
tion  harmonics  at  /.j.  =  A  -  /,  and  U  =  /2  +/.  which  raised  as  the  result  of  a  nonlinear  inter- 
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action  between  the  initial  components.  Using  a  digital  filtering  procedure(2),  let  us  pick  out  the 
initial  components  and  then  multiply  them; 

Unit)  =  Ui(t)-U^(t) .  It  is  obvious  that  this  synthesized  signal  will  contain  combination  harmonics 
coherent  with  those  in  the  analyzed  signal  and,  as  assumed,  bom  by  some  natural  nonlinear 
physical  process.  Now,  if  we  calculate  the  coherence  function  between  the  signals  U{t)  and 
{7i2(0,  it  will  be  of  non-zero  value  at  the  combination  frequencies  /jj.  and  /12+  (3). 

[  0, 

Y[if),=\xfrlt/^f^f,+¥-  (2) 

[  0,  />/i  +  A/ 

Then  the  output  of  the  filters  are  =  ■  F'urther  the  complex  spectmm  of 

the  product  is  calculated:  5^,2(/)  =  2=’{C^i(0-C^2(0}-  At  the  final  stage  the  coherence  function  is 
derived  as  the  result  of  averaging  and  normalizing  the  cross-spectmm; 

nf)=-n^===F=f====,  (3) 

where  asterisk  denotes  the  complex  conjugation  operator.  Here  we  should  note  that  the  algo¬ 
rithm  might  be  considered  as  a  specific  particular  case  of  the  bispectral  analysis  method  [8]. 

Let  us  turn  to  the  results  of  the  data  processing.  First  examine  a  "quiet"  record  containing 
practically  no  non-stationary  interferences  (Fig.  lA).  In  this  picture  the  Schumann  resonance 
modes  (up  to  the  fifth  one)  along  with  the  spectral  peaks  due  to  the  fixndamental  power  har¬ 
monic  and  low  frequency  "wind"  interferences  are  seen.  The  plot  in  Fig.  2A  illustrates  presence 
of  coherent  components  in  the  region  of  the  first  mode  doubled  (16  Hz)  frequency  (in  this  case 
both  digital  filters  (2)  are  tuned  to  ^  =  /j  =  8  Hz  with  the  halfwidth  A/  =  l  Hz).  Close  to  this 
results  were  obtained  while  tuning  the  filters  to  frequencies  of  the  SR  modes  having  different 
numbers  (Fig.  2B). 


10  20  30  40  10  20  30  40 

Frequaicy  Frequency 

Hz  Hz 

Fig.  2.  Coherence  of  the  second  harmonic  of  the  first  SR  mode  (A)  and  the  combination  har¬ 
monic  of  the  first  and  second  ones  (B). 


Results  similar  to  those  shown  in  figures  2  and  3  were  obtained  while  processing  the  over¬ 
whelming  majority  of  measuring  sessions  both  for  day-time  and  night-time  conditions,  which 
allows  affirming  existence  of  the  nonlinear  interaction  between  the  SR  modes.  After  this  fact 
has  been  established,  additional  careful  tests  of  the  algorithm,  the  data  collection  system,  and 
the  receiving  complex  were  performed.  We  should  note  that  in  no  test  experiment  any  increase 
of  the  coherence  function  level  was  detected  in  the  band  of  combination  harmonics. 
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4.  Discussion 

Currently  authors  cannot  offer  a  strict  physical  model  which  would  allow  mterpretmg  the 
discovered  fact  of  nonlinear  transformation.  Nevertheless,  some  conclusions  can  be  suggested. 
For  instance,  we  estimated  the  transformation  factor  of  the  SR  energy  which  is  transformed  to 
higher-order  and  combination  harmonics  under  the  influence  of  presently  unknown  natural 
mechanism.  The  analyzed  signal  was  simulated  numerically  assuming  the  nonlinear  transforma¬ 
tion  is  described  by  a  quadratic  function; 

U(t)  =  N(t)+u{t)+K  •u\t) ,  (4) 

where  N(t)  is  "white"  noise  with  zero  average  and  dispersion  <4, ,  and  u(t)  is  superposition  of 
two  narrow-band  components  with  Gaussian  power  spectra.  The  factor  K  characterizes 
"steepness"  of  the  nonlinear  transformation.  As  Fig.  1 A  shows,  the  noise  level  is  constant  over 
the  analysis  band  and  can  be  estimated  as  2.6  mV-Hz'*^.  The  spectral  components  S,  and  S, 
simulated  two  first  SR.  In  this  way  the  model  signal  having  spectrum  close  to  the  SR  (dashed 
curve  in  Fig.  lA)  was  simulated.  The  K  factor  was  varied  till  the  coherence  function  (3) 
(dashed  curves  in  Fig.  2)  became  approximately  equal  to  the  value  calculated  fi-om  the  experi¬ 
mental  data.  It  turned  out  that  in  the  model  (4)  the  nonlinear  transformation  factor  is  constarit 
within  accuracy  of  10%  both  for  the  second  harmonics  of  the  two  first  SR  modes  and  their 
combination  ones  K  «  2.4  iQ-*  mV^  Calibrating  the  value  of  K  on  spectral  densities  of 
the  observed  and  simulated  spectra  allows  estimating  the  quantity  of  stored  in  the  resonator 
energy  which  is  transformed  due  to  the  quadratic  nonlinear  mechanism  (3).  Accordmg  to  our 
calculations  about  0.5%  of  the  SR  signals  power  is  transformed  to  the  higher-order  and  combi¬ 
nation  harmonics. 
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V.A.  Donchenko,  V.T.  Kalaida,  E.V.  Ovcharenko 


Radio  Ph5^ics  Faculty,  Tomsk  State  University 
Lenin  St.  63,  Tomsk,  634050  Russian 

Abstract.  In  this  paper,  we  discuss  the  problems  of  approximation  of  the  atmospheric  electricity 
day  trend.  It  is  shown  that  for  the  approximaticm  of  the  time  trend  with  a  3  to  4  %  error,  5  sine 
harmonics  or  10  sine-cosine  harmonics  are  enough. 

From  the  physical  viewpoint,  average  means  of  tension  (AMT)  should  be  in  good  agreament  with 
the  integral  value  of  the  electrical  field  and  show  the  global  24  hour  trend  alterations  of  this  field.  To 
verify  this,  the  folowing  algorithm  was  used,  imder  an  assumption  that  the  time  trend  for  various 
realisation  of  AMT  should  be  correlated  with  the  integral  value  of  AMT.  This  algorithm  was  developed 
for  the  analysis  of  the  oportunity  to  design  a  mathematical  simulation  tool  of  the  24-hour  trend  of  the 
Atmospheric  Electricity  Day  Trend  (AEDT).  It  is  based  on  two  groups  of  methods:  spectral  and 
statistical  ones.  The  use  of  spectral  methods  is  justified  by  the  general  purpose  (to  raise  the  information 
efficiency  of  the  spectral  research  by  means  of  the  analises  of  spectra  containing  fest  fluctuations).  Fast 
Fourier  Transform  (FFCT)  application  is  useful  here  fi’om  the  point  of  view  of  deriving  the  mean  values 
of  AMT.  FFT  ratios  can  be  calculated  by  the  formula: 

(1) 

>=o 

where  x(j)  are  the  measured  tension  values,  N  is  the  number  of  values  in  selection.  Then  the  first 
member  in  the  frequency  dependence,  devided  by  (N-1),  will  represent  the  average  value  of  x  .  On  using 
FFT  in  every  selection  of  3500  values  and  dividing  the  first  member  of  the  transform  by  N,  we  obtain 
72  mean  values  of  AMT.  The  dioice  of  Vinogradov’s  method  is  ejqjlained  by  tlie  independens  on  the 
data,  unlike  that  of  the  “butterfly“  one. 

With  the  developed  algorithm,  several  dosens  of  24-hour  trends  have  been  processed.  Polynomial 
approximation  functions  have  been  chosen  in  the  method  of  the  least  squares  (MLS).  MLS  is  a 
particular  case  of  the  maximum  similarity  method  providing  assimptotic  non-shifted  effective  and 
significant  values  of  the  randomly  measured  data;  besides,  the  ^cticai  of  the  tension  density 
distribution  is  normal.  Unknown  coefficients  Ci  were  determined  at  each  iteration  step.  The  algorithm 
calculated  the  root  mean  square  deviations,  oj  at  the  points  j=l, ... ,  k  (where  k  is  the  number  of  points) 

k 

and  the  total  root  mean-square  deviations,  0  =  ^0/,  for  each  polynomial  of  the  order  N.  The 

>=1 

polynomial  of  the  order  having  the  minimum  total  root  mean  square  deviation  was  taken  as  an 


approximation  polynomial.  The  given  approximation  error,  - *100%  ,  where  k  is  the 

AE 

number  of  points  ,  AEnux  is  the  maximum  scattering  of  e?q)erimeatal  values  of  E,  was  also  calculated. 
As  a  result,  from  the  available  trends  testing  data,  we  obtained  the  minimum  values  of  o  and  based 
on  the  fifth-degree  polynomials,  the  scattering  in  the  values  of  a,^  being  5  to  30%. 

The  calculation  revealed  a  decline  in  the  hipothesis  results  testing  with  N=5  and  6  during  the 
observation  season. 

Here,  the  character  of  the  curves  for  the  same  observation  seasons  and  the  relative  values  of  the 
coefficients  C  for  similar  degrees  agree  well  enough.  Besides,  one  and  two  peaked  time  trend 
distributions  of  AMT  have  been  observed,  as  well  as  the  known  from  publications  integral  values.  It  is  a 
reliable  vahdation  of  the  derived  by  us  time  trend  and  integral  distribution  law  correlation. 
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However,  it  should  be  noted  that  a  demerit  of  this  method  is  in  the  considerable  discrepracy 
between  the  calciilated  curves  and  the  experementally  obtained  ones  within  4e  obsei^tion  pen^  rom 
our  viewpoint,  thise  can  be  e^lained  by  the  feet  that  the  representation  of  the  faction  of  AMT  ^ 
the  application  of  our  technique,  was  carried  out  at  the  starting  pomt  of  ^’’s^^tion,  t-0  ^d  so  rt  s 
quite  natural  that  the  error  increases  the  farther  the  point  is  from  the  observatm  start.  Evidently  this 
problem  solution  is  in  the  representation  of  AMT  by  a  set  of  orthogonal  periofec  functions 

Representations  by  the  trigonometric  functions  set  are  the  most  probable  The  o 

show  that  h  almost  all  the  possible  cases  the  time  change  of  AMT  can  be  tob^  by  the  fiftl^^rder 
polynomial,  the  root  mean  square  deviation  at  the  point  not  exceedmg  7/o.  The  calculation  ^^sults  ^ 
Lir  comparison  with  the  experiments  are  shown  in  the  Figure,  where  time,  counted  m  ^ 

along  the  horizontal  axis,  and  the  field  tention  mean  value  is  plotted.  Solid  curve  the  real  2 
trend  obtained  as  a  result  of  data  prosessing  with  automatic  measuring  complex,  dotted  curve  shows  the 

calculated  dependence. 


However,  the  suggested  approximation  by  means  of  polynomials  tends  to  a  noticeable  emr 
encreasement  at  the  upper  limit  of  approximation  interval.  The  behavior  of  the  el^ostatic  Md 
trend  enabled  us  to  suppose  that  the  most  natural  kind  of  approximation  will  be  by  the  penodic 

functions. 

Here,  two  problems  arise: 

a)  about  the  basic  period  of  periodic  series, 

b)  about  the  number  of  approximation  harmonics  needed  for  the  tr®id  to  be  characterized 

accurate^  ^  publications,  the  24-hour  time  is  commonly  taken  as  the  basic  period. 

However,  our  experimental  data  studies  did  not  agree  with  this.  We  solved  the  problem  of  the  basic 
period  d^ermination.  The  basic  period  was  assumed  as  an  unknown  quantity,  the  random  realisation  o 

the  experimental  data  obtained  in  different  seasons  being  taken  as  the  functim.  , 

As  a  result,  we  obtained  the  mathematical  expectation  of  the  basic  penod  e^al  to  9  hours.  The 
second  problem  deals  with  a  simpler  and  more  accurate  approximation  convenient  m  the  practi^ 
applications.  We  used  the  Fourier  series  with  T=9  hours  and  various  numbers  of  harmwiics.  e 
analysis  has  shown  that  for  the  approximation  of  the  time  trend  with  a  3  to  4%  eiror,  5  sme  harmonics 
or  10  sine-cosine  harmonics  are  enough.  Besides,  the  obtained  approximation,  unlike  the  previous  one, 
has  a  sufficiently  small  continuous  error  throughout  the  interval  observed.  We  can  predict  the  time 
progress  of  the  electric  field  with  a  sufficiently  good  accurately. 
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We  discuss  an  impact  of  the  seasonal  north-south  drift  of  the  global 
thunderstorm  centers  on  the  results  of  observation  of  the  first  mode  Schumann  resonance 
(SR)  frequency. 

Global  electromagnetic  resonances  were  predicted  by  W.O. Schumann  in  1952.  The  resonance 
is  observed  in  form  of  separate  peaks  in  the  power  spectra  of  natural  EM  noise  of  the  Earth- 
ionosphere  cavity,  and  the  global  lightning  activity  is  the  source  of  these  oscillations.  The  world-wide 
thunderstorms  are  concentrated  at  the  tropics,  their  maximum  follows  the  Sun  and  circles  the  globe 
during  the  day  producing  regular  duirnal  variations  in  the  SR  amplitudes  and  apparent  resonance 
frequencies.  These  last  occur  due  to  finite  conductivity  of  the  cavity  boundaries.  Frequency 
characteristics  of  individual  SR  modes  overlap  substantially,  and  as  a  result,  the  particular  peak 
(resonance)  frequency  depends  on  the  interaction  between  the  given  mode  and  the  nearby  resonance 
peaks.  Since  amplitudes  of  individual  peaks  depend  on  the  source-observer  distance,  the  apparent 
resonance  frequencies  become  modulated  on  a  daily  span. 

We  apply  two  models  of  the  global  thunderstorm  distribution.  The  first  is  the  model  of  a 
single  compact  lightning  center.  This  center  is  positioned  near  evening  terminator  and  has  the  size  of 
some  tens  of  degrees.  At  solstice  period  of  a  year,  the  center  shifts  southward  (during  the  winter  time 
in  the  Northern  hemisphere)  or  northward  (during  the  summer).  Its  diurnal  trace  coinsides  with  the 
equator  at  equinox  conditions.  The  second  model  is  based  on  the  concept  of  three  global  thunderstorm 
centers  situated  over  Africa,  Central  America  and  South-East  Asia.  Seasonal  drifts  of  the  centers  are 
pertinent  to  the  model  as  well.  Physically,  the  difference  between  above  two  models  is  as  follows:  the 
first  one  suggests  the  gradually  moving  (crawling)  thunderstorm  zone,  while  the  second  is  based  on 
the  model  of  the  lightning  activity  striding  in  wide  steps  from  one  continent  to  another  during  the  day. 

The  main  goal  of  the  report  is  an  attempt  to  interpret  the  year-to-year  variations  in  the  diurnal 
frequency  patterns.  It  had  been  established  experimentally  that  the  diurnal  patterns  for  a  particular 
month  remain  very  similar  the  year  after  year,  but  they  are  shifted  as  a  whole  by  0.1 -0.2  Hz. 

There  two  possible  explanations  may  be  suggested  for  the  effect.  The  simplest  one  is  the 
global  annual  change  in  the  lower  ionosphere.  The  second,  much  more  realistic  interpretation  exploits 
the  year-after-year  variations  in  the  spatial  distribution  of  the  global  thunderstorms.  Their  positions 
and  size  do  not  coinside  for  different  years,  producing  relevant  changes  in  the  SR  signals. 

After  comparison  with  the  results  of  the  SR  monitoring,  the  first  approach  allows  for  a 
conclusion  that  the  scale  factor  of  the  atmospheric  conductivity  profile  should  be  changed  by  5-8  %, 
while  the  second  shows  that  the  position  and/or  size  of  the  source  undergoes  the  5-10°  variation  from 
year  to  year. 
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We  model  numerically  the  sub-ionospheric  propagation  of  an  electromagnetic  wave  m  the 
extremely  low  frequency  (ELF)  band  from  a  few  hertz  to  some  kilohertz  frequency  using  the  time 
domain  presentation  for  the  field.  A  point  vertical  electric  dipole  is  the  source  of  the  radio  wave  that 
arrives  to  ground  based  observer  through  the  spherical  Earth-ionosphere  cavity.  We  suppose  the 
radiation  moment  of  the  source  to  be  the  delta-pulse,  hence,  the  solution  obtained  is  the  Green  s 
function  of  the  problem.  Formal  representation  for  such  a  function  is  well-kno^  either  for  the  cases 
of  postulated  propagation  constant  or  for  a  given  effective  surface  impedance  of  the  bwer  ionosphere^ 
The  formal  solution  is  constructed  using  the  zonal  harmonic  series  representation  (ZHSR)  that  applie 
the  Legendre  polynomials  describing  the  angular  field  dependence  and  spherical  Hankel  functions 
accounting  for  the  radial  dependence. 

The  ZHSR  is  valid  in  the  frequency  domain  and  describes  the  well-known  Schuman 
resonances  (SR).  To  obtain  the  fields  in  the  time  domain,  we  had  transformed  ZHSR  applying  *e 
Fourier  transformation  (FT)  analytically  to  each  term  of  the  infinite  sum.  Two  cases  are  treated 
separately  The  first  one  conesponds  to  the  linear  frequency  dependence  of  the  propagation  constant 
of  the  Eli  radio  wave.  The  second  radio  propagation  model  exploits  the  linear  frequency  dependence 
of  the  effective  surface  impedance  of  the  lower  ionosphere,  After  the  FT  is  applied,  each  term  oft  e 
ZHSR  turns  into  a  standard  function  that  is  a  time-decaying  cosine  function  representing  the  response 
of  the  Earth-ionosphere  cavity  on  the  input  delta-pulse.  It  is  shown  that  the  field  representation 

obtained  in  the  time  domain  converges  uniformly  and  absolutely  for  arbitrary  time  t>  . 

Results  of  the  ELF  field  computations  are  presented  for  a  set  of  the  source-observer  distances. 
A  specific  feature  of  the  ELF  field  in  the  time  domain  is  the  ‘bouncing’  of  m  electroma^etic  pu  se 
from  the  source  antipode  and  from  the  point  where  the  source  initially  had  been  placed.  The  ELF 
pulse  width  grows  with  the  propagation  path  due  absorption  the  lower  ionosphere. 

The  main  result  of  the  present  study  is  as  follows. 

.  The  time  domain  representation  obtained  allows  computing  the  electromagnetic  pulse  everywhere 
in  the  Earth-ionosphere  cavity  for  t  >  0,  while  the  ZHSR  diverges  at  the  source  point. 

.  When  computing  tlte  field  in  the  frequency  domain  first  and  applying  a  FFT  algorithm  then  to 
obtain  the  temporal  dependence  of  the  field,  one  fails  to  describe  the  field  at  the  source  regardless 

•  When  the  analytical  FT  is  used  first  and  the  time  domain  field  representation  is  obtained  iMtially, 
the  series  describes  the  pulse  everywhere,  including  these  multiply  crossed  the  Earths 
circumference. 
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Temporal  variations  of  the  global  lightning  activity  are  deduced  from  the 
long-term  Schumann  resonance  (SR)  continuous  records.  The  intensities  of  the 
horizontal  magnetic  field  component  of  the  first,  second,  and  third  SR  modes  were 
monitored  at  the  Tottori  observatory  ('55.5"  N  and  134.33°  E).  Variations  of  the 
effective  source-observer  distance  were  estimated  from  the  data  using  the  ratios 
between  intensities  of  individual  SR  modes.  This  allowed  us  to  compensate  for  the 
source  motion  in  respect  to  the  observatory  and  extract  from  the  records  the  average 
diurnal  variations  of  the  global  lightning  activity  itself.  The  procedure  had  been  done 
for  every  month  within  the  observation  period.  The  results  show  that  estimates  for  the 
effective  distances  between  the  field-site  and  the  global  centers  of  the  lightning  activity 
remain  very  stable.  Simultaneously,  the  temporal  changes  of  the  fields  monitored  and 
of  the  relevant  global  lightning  activity  derived  from  the  records  demonstrate 
substantial  variability. 

The  global  electromagnetic  resonances  are  named  after  W.O.Schumann,  who  predicted 
the  phenomenon  in  1952  and  estimated  the  eigen-frequencies  of  the  Earth-ionosphere  cavity. 
The  global  lightning  activity  is  a  source  of  the  oscillations.  Resonances  are  detected  as  separate 
peaks  observed  in  the  power  spectra  of  the  natural  electromagnetic  radio  noise  around 
frequencies  of  8,  14,  20,  and  26  Hz. 

The  world-wide  lightning  activity  is  concentrated  in  the  tropical  zone,  and  its  maximum 
circles  the  globe  every  day  producing  duirnal  variations  in  the  SR  amplitudes  and  apparent 
resonance  frequencies.  Amplitude  variations  depend  on  both  the  source-observer  effective 
distance  and  on  the  current  lightning  intensity.  This  is  why  the  Schumann  resonance  allows 
monitoring  the  world-wide  thunderstorm  activity  from  a  single  field-site. 

We  use  the  results  of  the  long-term  records  carried  out  at  Tottori  observatory  from  1968 
to  1975.  A  comparison  was  made  between  the  experimental  records  and  computed  data  obtained 
in  the  framework  of  two  different  models  of  the  global  lightning  distribution.  This  allowed  us  to 
elaborate  the  signal  processing  procedure  aimed  to  the  evaluation  of  both  the  median  distance 
and  the  level  of  the  world-wide  lightning  activity. 

A  magnetic  loop  antenna  had  been  used  to  measure  the  SR  field,  that  is  a  solenoid  about 
5  cm  in  diameter  with  permalloy  core,  number  of  turns  is  30,000.  The  frequency  characteristic  of 
the  amplifier  was  made  flat  in  the  frequency  range  from  5  to  35  Hz.  The  magnetic  field  intensity 
has  been  measured  in  the  frequency  bands  2  Hz  wide  around  resonant  frequencies  of  8,  14,  and 
20  Hz.  Intensities  of  individual  SR  modes  were  recorded  on  a  chart  paper,  and  so  we  had  to  read 
the  data  first.  The  tables  obtained  were  used  then  to  plot  a  survey  of  the  diurnal  variations  in  the 
intensities  of  three  SR  modes.  This  allowed  performing  the  final  check  of  the  experimental  time 
series  and  eliminate  the  reading  errors  together  with  the  omitted  changes  of  the  receiver  gain. 
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Natural  ELF  radio  signal  is  a  ™dom  succes^on  dectrom^^^^ 
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Abstract 

A  lithosphere-ionosphere  interaction  model  is  put  forward,  involving  atmo¬ 
spheric  vertical  conduction  electric  currents,  the  variations  of  which  can  change 
the  electric  potential  of  the  lower  ionosphere.  The  ionospheric  parameter  variar 
tions  have  been  estimated,  compared  with  the  gathered  data,  and  both  quantitative 
and  qualitative  agreement  foimd. 

Introduction.One  of  the  most  important  topics  in  ionospheric  physics  is  coupling 
with  lower  altitudes  which  focuses  on  response  of  the  ~  60  —  150  km  region  to  forc¬ 
ing  mechanisms  originating  in  lower  atmospheric  regions,  and  the  transmission  of  these 
effects  throughout  the  thermosphere-ionosphere  system.  Effects  are  revealed  in  the  iono¬ 
sphere  which  are  due  to  earthquakes,  volcanic  eruptions  and  anthropogenic  impacts: 
explosions,  rocket  launches,  accidents  at  nuclear  power  stations  (NPS)  accompanied  by 
radioactive  materials  releases. 

Precursors  of  earthquakes  in  the  D  region  of  the  ionosphere  are  investigated  by  VLF 
radio  waves  in  the  Earth-lower  ionosphere  waveguide.  Anomalous  variations  in  signal 
amplitude  and  phase  is  an  indicator  to  disturbance.  On  paths  near  seismic  regions, 
anomalies  in  signals  appear  in  a  few  days  before  the  earthquake  and  show  that  the 
lower  boundary  of  the  ionosphere  in  the  disturbed  region  descends.  Similar  anomalies 
were  revealed  on  the  VLF  paths  near  the  Chernobyl  NPS  during  the  accident  in  April 
1986.  The  fact  that  two  different  processes,  natiiral  and  anthropogenic,  result  in  similar 
perturbations  may  be  interpreted  as  that  they  both  are  caused  by  changes  in  conductivity 
near  ground.  The  conductivity  in  this  part  of  the  atmosphere  is  the  result  of  action  of 
nuclear  decay  in  the  ground,  radioactive  contamination  in  the  atmosphere,  and  space 
radiation.  Before  earthquakes  the  conductivity  increases  because  of  enhanced  radon 
emissions,  one  of  the  major  sovuces  of  ionization  near  ground,  and  during  the  Chernobyl 
accident  because  of  radioactive  material  release. 

Atmosphere-ionosphere  interaction.  In  our  analysis,  we  use  a  model  of  the 
spherical  capacitor,  the  inner  plate  of  which  is  the  negatively  charged  liquid  and  solid 
surface  of  the  Earth  and  the  outer  plate  is  the  positively  charged  ionosphere.  The  ex¬ 
ternal  electric  fields  produced  by  thunderstorms  cause  electric  currents,  I  =  U/R,  to 
flow  between  the  Earth  and  its  atmosphere  over  the  entire  planet.  The  potential  of  the 
upper  conductive  atmosphere,  the  outer  plate,  reaches  an  equilibrium  value  of  approx¬ 
imately  200  or  300  kV  with  respect  to  the  siuface  of  the  Earth,  when  the  fair  weather 
electric  current  flowing  between  the  plates  balances  the  electric  currents  produced  by 
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the  thimderstorms.  Both  these  currents  are  closed  through  the  Earth’s  surface  and  the 
ionosphere  at  ^  ~  60  km.  The  electrical  resistance  between  the  Earth  and  the  iono¬ 
sphere  is  i2  =  Jo  p{z)dz,  its  magnitude  mainly  being  determined  by  the  lower  layers  of 
the  atmosphere  up  to  .2  <  5  km.  The  resistivity  is  controlled  by  the  Earth’s  background 
level  of  radiation.  The  increase  in  the  background  level  of  radiation  by  a  factor  of  several 
times,  which  occurs  befor  earthquakes  or  during  nuclear  accidents  (with  the  discharge 
of  radioactive  material) ,  leads  to  a  proportional  increase  in  the  near-Earth  atmospheric 
conductivity,  a  =  1/p,  and  in  the  current  I  in  the  capacitor. 

The  magnitude  of  the  fair-weather  vertical  electric  field  component  is  about  130  V 
per  meter  at  the  Earth’s  surface.  Electric-field  variations  observed  before  an  earthquake 
are  sometimes  so  large  that  one  even  observes  a  change  in  the  direction  of  the  electric 
field  at  the  Earth’s  surface.  As  a  result,  we  may  expect  that  large  changes  in  the  electric 
field  intensity  will  occur  at  the  outer  plate  of  the  capacitor,  i.e.  in  the  lower  ionosphere. 
Measurements  have  shown  that  the  magnitude  of  electric  field  at  the  altitude  of  60  km 
is  of  the  order  of  1-10  V/m.  We  suggest  that  variations  of  the  electric  potential  of  the 
lower  ionosphere  may  lead  to  changing  lower-ionosphere  parameters. 

Changes  in  lower-ionosphere  parameters.  To  estimate  the  effect  of  the  vari¬ 
ations  in  the  electric  field  intensity,  E,  on  changes  in  lower-ionosphere  parameters,  we 
shall  use  the  well  known  system  of  equations,  the  energy  balance  equation  (in  terms  of 
the  electron  temperature  Te),  the  two  continuity  equations  in  the  electron  density  N  and 
the  positive-ion  density  iV"*'  in  the  stratified  inhomogeneous  weakly-ionized  plasma,  and 
the  condition  of  quasi-neutrality: 


dN  B  1 

—  =g,  +  UdAN-UaN-arN^(l  +  ^)  +  ^j 

j. 

(1) 

^  —  Qi  (1  +  A)  (XiN  A(l  +  A)  +  < 

(2) 

BTe  2Qe  c,.(rp  rp  \ 

dt  ZkN  ^ 

(3) 

N^^N  +  N-, 

(4) 

where  t  is  time,  Qi  is  the  total  production  rate  per  unit  volume  of  positive  ions  resulting 
from  the  ionization  of  neutral  atmospheric  constituents,  Ud  is  the  effective  rate  at  which 
the  negative  ions  are  destroyed  by  electron  detachment,  A  =  N~/N  is  the  negative 
ion  to  electron  number  density  ratio,  N~  is  the  negative  ion  density,  Ua  is  the  effective 
rate  at  which  the  negative  ions  are  formed  by  the  attachment  of  electrons  to  neutral 
constituents,  is  the  effective  ion-electron  recombination  coeffident  for  positive  ions, 
Dt  is  the  coefficient  of  eddy  diffusion.  Da  is  the  coefficient  of  ambipolar  diffusion,  z 
is  the  altitude,  a*  is  the  effective  ion-ion  recombination  coefficient,  k  is  Boltzmann’s 
constant,  Qe/N  is  the  average  energy  acquired  by  the  electron  from  an  external  source 
of  heating  (for  example,  from  external  electric  field),  6  is  the  fractional  loss  of  energy 
per  electron  collision,  u  is  the  effective  electron-neutral  collision  frequency,  T„  is  the 
neutral  constituency  temperature.  In  the  ionospheric  D  region,  the  disturbances  in  the 
ion  temperature  are  neglected  because  they  are  M/m  times  less  than  the  disturbances 
in  Te  {M  is  the  average  ion  mass,  m  is  the  electron  rest  mass). 
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The  initial  system  of  equations  (l)-{4)  is  considerably  simplified  with  the  help  of  the 
multiple  time-scahng  analysis  by  introducing  the  following  time  scales: 

ti  =  txg  =  \  ^2  ~  ~  (^<i  =  tff  =  ^4qi((Xj.  +  AQ:j)/(l  +  A)}  ^  , 


where  is  the  Tg-relaxation  time,  is  the  evolution  time  of  the  disturbances  in  N 
caused  by  activating  attachment  processes,  tff  is  the  evolution  time  of  disturbances  in 
N  due  to  changes  in  the  ionization-recombination  balance. 

Note  that  in  the  lower  ionosphere  ^  if pf  tp,.  For  0  <  t  <  tx^,  one  can  easily 

derive  the  following  simplified  energy  balance  equation: 


^  _  0.97e=^£J^ 

dt  kmVoO^I^ 


(5) 


where:  6  =  T^/Teo,  v  ^(0)  =  1,  E{t  <  0)  =  0.  The  subscript  ”o”  is  used 

to  denote  the  magnitude  of  the  ionospheric  parameters  in  the  absence  of  electric  field 
variations.  Equation  (5)  is  no  longer  dependent  on  N  and  N'^.  It  has  easily  been  solved 
using  basic  integration  techniques.  Then,  neglecting  the  transport  processes,  it  may  be 
used  to  fined  the  solution  to  equations  (1)  and  (2)  with  respect  to  N  and  iV+,  using  the 
expansion  of  them  in  the  t2-  and  ts-scales.  The  steady  state  value  of  the  N,  caused  by 
the  presence  of  the  electric  field  E,  is  given  by: 

Eoo  =  +  M0oc)/l^d)M0oc)  +  (6) 


where  Boo  is  the  quasi-stationary  solution  of  equation  (5). 

The  numerical  estimates  of  the  expected  cJianges  in  the  main  parameters  of  the  lower 
ionosphere  were  made  for  =  1  V/m  and  E2  =  10  V/m  at  the  altitude  of  60  km.  Our 
calculations  show  that  the  decrease  in  the  electric  field  E  and  the  corresponding  1/  and 
N  changes  lead  to  a  lowering  of  the  ionospheric  conduction  contour  by  Az  (for  instance, 
for  the  level  ^  =  60  km  under  =  1  V/m,  we  have  Az  <  5  km  and,  imder  E2  =  10 
V/m,  we  have  Az  <  10  km).  The  main  cause  of  this  effect  is  the  1/  decrease  from  i/oo  to 
Vo- 

Analysis.  Thus,  there  are  some  reasons  to  suggest  that  during  processes  before 
an  earthquake  or  during  a  nuclear  accident,  the  near-Earth  atmospheric  conductivity 
increases,  the  electric  field  in  the  ionosphere  decreases,  and  there  is  an  inhomogeneous 
region  with  a  lower  altitute  on  the  VLF  wave-propagation  path.  In  the  Earth-ionosphere 
waveguide,  the  decrease  in  the  altitude  leads  to  an  increase  in  the  phase  velodty  of  the 
waves  and,  hence,  to  a  decrease  in  the  phase  delay  of  the  signal  received  in  the  case  of 
one-mode  propagation.  The  estimates  show  that  in  order  to  match  oirr  theoretical  results 
with  those  obtained  experimentally,  changing  the  ionospheric  altitude  by  5-10  km,  the 
inhomogeneous  region  along  the  path  should  be  600-300  km,  respectively.  The  presence 
of  significant  electric  fields  at  the  lower  boundary  of  the  ionosphere  indicate  that  an 
additional  source  of  electron  heating  should  be  taken  into  account  while  investigating  a 
disturbed  ionosphere  and  radio  wave  propagation  conditions.  It  has  been  shown  that  the 
model  of  the  interaction  between  the  near-Earth  atmosphere  and  the  ionosphere  (caused 
by  the  vertical  conduction-current)  clearly  allows  us  to  explain  the  cause  of  the  changes 
in  the  lower  ionosphere  occurring  before  an  earthquake  and  during  accidents  at  a  nuclear 
power  station  with  radioactive  releases. 
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Magnetic  field  polarimetry  of  seismic  sources 
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A  necessity  of  investigation  of  ULF  and  ELF  electromagnetic  emission  polarization  characteristics  is  grounded  in 
the  connection  with  earthquake  precursor  problem.  The  investigation  method  is  suggested. 

Introduction 

Inhomogeneities  in  the  earth  crust  are  a  necessary  conditions  for  an  earthquake 
precursor  appearance.  Deformations  and  micro  cracks  appear  before  a  seismic  gap  by  the 
reason  of  inhomogeneities  of  earth  rocks.  Each  seismic  break  is  unique  and  has  its 
peculiarities  of  earthquakes  and  precursors  [1]. 

Certain  seismoelectric  transformations  appear  at  the  time  of  deformations  of  earth 
crust  before  the  earthquake,  and  we  can  detect  an  electromagnetic  emission  in  a  wide 
frequency  band  long  before  a  seismic  gap.  Maximum  of  electromagnetic  emission  takes  place 
in  ULF  and  ELF  bands,  commonly  within  0.1  Hz  to  20  Hz  [2]. 

Grounding  a  necessity  of  studying  the  electromagnetic  emission  polarization 

Equivalent  electromagnetic  source  has  a  large  size  that  is  approximately  equal  to  the 
dimension  of  the  area  of  origin  of  the  possible  earthquake.  This  source  is  appeared  by 
deformations  in  the  stress  field  along  gaps.  Equivalent  source  is  determined  as  specific 
structure,  which  is  inherent  to  this  gap,  although  the  currents  have  chaotic  nature  m  each  small 
volume.  Preferential  orientation  of  chaotic  currents  is  important  in  ULF  and  ELF  bands  for  a 
polarization  anisotropy  appearance  of  electromagnetic  emission.  Elecfroniagnetic  emission 
has  well  determined  polarization  characteristics  that  can  be  called  a  polarization  signatoe  [3]. 

Polarization  characteristics  of  emission  are  conditioned  in  main  by  the  seismic  source 
structure.  By  this  reason  they  are  in  average  a  less  varying  over  a  small  tinie  mterval  (nimutes 
and  hours)  than  amplitude  variations  of  electromagnetic  field  burst.  That  is  why  polarization 
measurements  may  open  a  possibility  to  identify  the  field  burst  in  some  random  set  that  is 
associated  with  one  source  of  radiation.  On  the  other  hand  the  variations  of  polanzation 
characteristics  during  a  longer  time  interval  can  be  interpreted  as  essential  variations  of  the 
source  structure  in  the  earthquake  origin  and  the  stress  field  in  this  region. 

Choosing  the  frequency  range 

Earth  rocks  are  a  medium  that  has  a  high  conductivity.  Electromagnetic  radiation 
penetrates  on  the  earth  surface  mainly  in  the  frequency  range  from  0.3  Hz  to  10  Hz.  There  are 
some  sources  of  electromagnetic  emission  in  this  frequency  range  besides  of  the  seismic 
sources.  We  note  the  main  two  of  them.  One  magnetic  field  excitation  frequency  is  associated 
with  the  earth  rotation  in  the  electric  and  magnetic  environment.  A  dominant  peak  is  observed 
in  the  frequency  domain  from  about  1.2  to  about  1.9  Hz  [4].  Mother  magnetic  field  excitation 
frequency  is  associated  with  the  first  Shumann  resonance.  This  resonance  is  dominant  near  7.8 
Hz.  Seismogenic  electromagnetic  field  emission  has  a  peak  commonly  within  2  to  5  Hz 
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between  the  mentioned  above  major  field  peaks  [4].  This  frequency  range  choosing  is  worth 
while  for  a  study  of  seismic  activities. 

Requirements  to  magnetometers 

As  it  is  known,  magnetic  field  of  geomagnetic  pulsations  is  mainly  a  horizontally 
polarized  one  (H  polarized).  Shumann  resonance  electric  field  is  Z-polarized  and  magnetic 
field  is  H-  and  D-  polarized.  That  is  why  magnetic  field  emission  sources,  which  have 
B^/  Bff>\  and  B^/  Bj^>l,  can  be  identified  as  seismic  field  sources  with  large  probability. 

Three-component  magnetometers  are  needed  for  a  study  of  polarimetric  signatures  of 
the  seismic  magnetic  field.  Typical  magnetic  field  level  is  approximately  from  0.1  to  10.0  nT. 
It  is  necessary  to  have  the  sensitivity  of  a  magnetometer  near  10"^  nT  and  the  dynamic  range 
near  40  dB.  The  speed  of  information  collection  is  estimated  as  40  counts  per  second. 

Numerical  processing  of  data 

It  is  necessary  usual  preliminary  data  processing.  After  that  the  goal  of  processing 
consists  in  deducing  some  polarization  characteristics  of  magnetic  field  in  the  frequency  range 
within  2  to  5  Hz.  The  first  of  these  characteristics  is  the  polarization  degree.  The  polarization 
stage  of  fully  polarized  magnetic  field  component  is  characterized  by  three  Stock’s 
parameters.  These  four  parameters  can  be  shown  as  a  polarimetric  signature  of  a  seismic 
source  of  magnetic  field  in  the  chosen  seismic  region. 

Conclusion 

Systematic  study  of  electromagnetic  emission  polarization  characteristics  and  its 
analysis  can  give  us  the  possibilities  to  determine  the  practical  significant  polarimetiy  in  the 
monitoring  system  of  seismic  activities.  The  polarimetric  behavior  of  electromagnetic  field 
then  can  be  implemented  for  the  earthquake  hazard  mitigation  measures. 
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We  discuss  the  results  of  application  of  the  ELF-VLF  wide-hand  measurement 
technique  suggested  earlier  for  locating  the  nearby  lightning  discharges.  The  measurements 
were  performed  at  Singapore  from  the  field  site  situated  on  board  of  the  research  vessel.  Three 
field  components,  namely,  vertical  electric  and  two  orthogonal  horizontal  magnetic  fields, 
were  digitally  recorded  and  used  for  the  analysis  then.  The  distance  from  the  lightning 
discharge  was  established  using  the  characteristic  frequency  dependence  of  the  complex  wave 
impedance  spectra  pertinent  to  the  nearby  lightning  discharges  of  vertical  orientation  (Korol  et 
al,  1993).  The  method  implies  the  frequency  dependence  of  the  transition  range  between  the 
static,  induction  and  radiation  field  components  of  the  wide-band  radio  signal,  similarly  to  the 
well-known  E-H  field  technique  (Ruhnlce,  1971;  Kononov  et  al.,  1986).  The  technique 
suggested  is  distinguished  by  the  wide-band  measurements  that  include  completely  the  ELF- 
VLF  range.  The  horizontal  Poynting  vector  components  (Rafalsky  et  al.,  1994)  were  used  to 
find  the  source  bearing.  This  technique  eliminates  an  ambiguity  in  the  arrival  angle 
automatically.  Simultaneously,  a  product  of  the  electric  and  magnetic  field  component 
integrated  over  the  pulse  duration  depends  only  on  coherent  portions  of  a  signal.  This 
particular  feature  allows  for  extraction  of  the  linearly  polarised  signal,  improving  the  output 
accuracy  of  the  direction  finding.  The  results  of  analysis  of  the  atmospheric  waveforms 
recorded  agree  reasonably  well  with  the  concurrent  visual  observations  of  the  parent  lightning 

discharges.  r..,  i  .  •  a 

After  the  source  coordinates  were  established,  we  used  the  spectra  of  the  electric  and 

magnetic  field  components  to  reconstruct  the  spectra  of  the  particular  current  moments  of  the 
lightning  observed.  It  is  shown  that  that  the  experimental  spectra  tend  to  be  constant  within 
the  frequency  range  of  our  studies,  i.e.  from  1  to  10  kHz,  while  the  model  spectra  of  t  e 
current  moment  usually  applied  in  the  range  vary  as/  . 
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REMOTE  SENSING  BY  VLF  USING  "ABSOLUTE  OMNIPAL": 

1.  INVESTIGATION  OF  THE  DECAY  OF  SPRITE  PLASMA. 

R.  L.  Dowden,  J.  B.  Bnindell,  University  of  Otago,  Dunedin,  New  Zealand 
C.  J.  Rodger,  British  Antarctic  Survey,  Cambridge,  U.  K. 

Amplitude  perturbations,  or  both  amplitude  and  phase  perturbations,  of  VLF  transmissions 
in  the  Earth-ionosphere  waveguide  have  been  recorded  since  their  discovery  by  Trimpi  in  1963 
[Helliwell  et  al,  1973]  after  whom  such  perturbations  are  named.  The  amplitude  and  phase 
perturbations  define  the  phasor  of  the  perturbed  signal.  Vector  subtraction  of  the  unperturbed 
signal  defines  the  phasor  of  the  scattered  signal  \powden  and  Adams,  1988].  This  scattered 
signal  can  be  regarded  as  the  wave  scattered  off  a  localized  plasma  anomaly  beneath  or 
extending  down  fi-om  the  base  of  the  ionosphere  into  the  Earth-ionosphere  waveguide  like  a 
stalactite  [Dawden  and  Adams,  1988].  Measurement  of  the  echo  phase  (phase  of  the 
perturbation  phasor)  simultaneously  on  two  receivers  spaced  a  short  distance  (1/2)  apart  and 
broadside  to  the  VLF  transmitter  enables  determination  of  the  direction  of  arrival  of  the 
scattered  signal.  This  can  be  as  much  as  180°  from  the  direction  of  arrival  of  the  direct  signal 
[Dowden  et  al,  1996a]  implying  a  “hard”  scatterer  —  one  in  which  the  incident  wave  is 
strongly  modified  —  such  as  a  bundle  of  highly  conducting  plasma  columns  [Rodger  et  al, 
1997]. 

A  close  relationship  between  such  “Trimpis”,  whistlers  and  electron  precipitation  [Rycrofi, 
1973;  Voss  et  al,  1984]  lead  to  the  general  acceptance  that  the  localized  plasma  anom^y 
causing  the  Trimpi  is  produced  by  whistler-induced  electron  precipitation  from  the  Radiation 
Belts. 

Discovery  of  the  “early/fast”  Trimpi  [Armstrong,  1983],  which  onsets  too  soon  (“early”) 
after  the  initiating  lightning  to  be  produced  by  electron  precipitation  and  reaches  fuU 
perturbation  rapidly  (“fast”),  showed  that  such  Trimpis  are  directly  caused  by  lightning. 
Campaigns  monitoring  both  optical  “red  sprites”  and  VLF  early/fast  Trimpis  showed  that 
nearly  all  sprites  within  about  300  km  of  the  VLF  receivers  produced  simultaneous  early/fast 
Trimpis  on  two  or  more  VLF  transmissions  [Dowden  et  al,  1996a],  showing  that  the  luminous 
columns  of  sprites  are  highly  conductive  [Dowden  et  al,  1996b].  Such  early/fast  Trimpis 
clearly  associated  with  sprites  are  called  “VLF  sprites”,  though  it  may  be  that  all  early/fast 
Trimpis  have  the  same  cause  and  so  indicate  the  presence  of  sprites  when  optical  observations 
are  not  available. 

Here  we  consider  observations  [Dawden  et  al,  1997a]  of  very  strong  early/fast  Trimpis  or 
VLF  sprites  observed  at  Darwin  (12°  26'S,  130°  59E)  only  2,000  km  fi-om  the  US  Navy 
transmitter,  NWC  (21°  48'S,  1 14°  9E).  The  unperturbed  signal  strength  was  about  20  mV/m 
during  the  Trimpi  observations  (at  night).  The  echo  amplitudes  of  the  strong  Trimpis  ranged 
up  to  8  mV/m,  some  30  dB  stronger  than  those  studied  previously  in  Colorado.  The  much 
higher  signal/noise  ratio  enabled  accurate  measurements  of  the  time  variation  of  the  amplitude 
and  phase  of  the  echoes.  The  iUustrations  shown  at  Kharkov  in  the  oral  version  of  this  paper 
cannot  be  included  here  but  the  points  made  with  each  illustration  are  given  below  in  the  same 
order. 

1.  Immediately  before  the  Trimpi  only  the  direct  wave  fi-om  the  transmitter  is  present  at  the 
receiver.  Immediately  the  Trimpi  begins,  and  until  it  decays,  both  the  direct  wave  and  the 
wave  scattered  by  the  sprite  plasma  are  present  and  so  interfere. 
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2.  The  resailt  of  this  interference,  that  is,  the  vector  sum  of  the  direct  wave  and  the  scattered 
wave,  is  the  perturbed  wave  which  is  defined  by  the  amplitude  and  phase  perturbation 
(note  that  both  the  phase  and  amplitude  perturbations  must  be  measured,  as  by  OmniPAL, 
to  define  the  vector  perturbation).  If  the  direct  wave  vector  is  constant,  and  so  given  by 
the  unperturbed  wave  vector,  and  if  the  perturbed  wave  vector  is  measured,  the  scattered 

wave  vector  is  easily  found  by  vector  subtraction. 

3.  The  initial  Trimpi  phase  and  amplitude  perturbations  are  sensitively  dependent  on  the 
position  of  the  sprite  plasma,  the  source  of  the  scattered  wave.  Thus  these  perturbations 
can  be  of  any  phase/amplitude  combination;  phase  advance  or  phase  retard,  amplitude 
increase  or  amplitude  decrease.  However,  if  the  Trimpi  phase  and  amplitude  perturbations 
versus  time  for  the  duration  of  the  Trimpi  are  transformed  to  scatter  wave  amplitude  and 
phase  versus  time,  the  transformed  amplitude  and  phase  variation  of  very  different  Trimpis 
look  quite  similar.  In  particular,  the  scatter  wave  amplitude  decays  as  the  loganthm  of 
time.  This  implies  that  the  scatter  amplitude  decays  to  zero  at  some  time  t  =  to. 

4.  This  behaviour  cannot  apply  at  /  =  0,  for  then  the  scatter  amplitude  would  be  infimte,  nor 
for  t  >  to  for  then  the  scatter  amplitude  would  be  negative.  However,  logarithnuc  decay  is 
not  logically  absurd  between,  say,  r  =  1  s  and  t  -  to.  Plotting  scatter  amplitude  on  a 
logarithmic  time  scale  should  be  strictly  linear  if  decay  (on  a  linear  time  scale)  is  stnctly 
logarithmic.  Tests  show  such  a  linear  fit  (on  a  logarithmic  time  scale)  is  quite  good.  Any 
departures  could  be  attributed  to  unknown  variation  of  the  direct  wave  vector  during  the 
scatter  wave  decay.  Such  variation  is  probably  due  to  other  natural  perturbations 
independent  of  the  sprite  plasma  decay  under  investigation.  If  this  is  so,  departures  from 
strictly  logarithmic  decay  should  vary  from  one  “VLF  Sprite”  event  to  another  in  a  random 
fashion.  How  can  we  test  this?  A  neat  way  is  to  normalise  all  events  so  that  the  scatter 
amplitude  at  /  =  1  s  is  unity  and  that  logio^  =  1  so  that  to=  10.  Then  the  normalised  decay 

for  all  events  should  fit  the  same  straight  line.  •  .  .  u 

5  Four  events  were  superimposed  to  test  this,  the  different  events  being  distmguished  by 
using  different  plot  symbols  and  colours.  Unfortunately,  the  result  depends  on  the  order 
of  plotting  because  the  earlier  plots  are  overlaid  by  the  later  plots.  A  better  test  used  12 
events  plotted  as  fine  line  segments  without  plot  symbols.  This  more  clearly  showed  no 
consistent  departure  from  logarithmic  decay. 

6.  During  the  decay  of  the  scatter  amplitude,  the  scatter  phase  also  varies  monotomcally  with 
random  error  variations  which  increase  as  the  scatter  amplitude  decreases,  as  expected. 
The  total  change  over  the  typically  100-s  duration  of  the  Trimpi  decay  is  wound  90°.  This 
Doppler  shift  of  some  2  mHz  implies  movement  of  the  scatter  source  either  horizontally 
(mesospheric  winds  [Dowden,  1996])  or  vertically  (rising  scatter  altitude).  Since  the  total 
variation  is  small,  a  linear  fit  is  as  good  as  a  logarithmic  fit.  At  Darwin  in  November  the 
scatter  phase  decreased  with  time  at  a  rate  (Doppler  shift)  which  was  much  the  same  from 
event  to  event.  If  we  therefore  replace  the  measured  scatter  amplitude  by  its  best  fit 
logarithmic  decay  and  the  measured  scatter  phase  by  its  best  fit  Doppler  shift,  we  can 
synthesise  the  original  ''pure”  Trimpi  perturbation  cleaned  of  its  random  noise. 

7.  The  mesosphere  where  sprites  occur  is  too  high  for  balloons  and  too  low  for  satellites  and 
so  inaccessible  for  in  situ  measurements  except  by  rockets  for  fleeting  times.  However, 
over  the  last  decade  or  so,  atmospheric  chemists  have  established  that  the  plasma  decay  by 
attachment  is  dominant  even  for  sprite  plasma  which  initially  is  several  orders  of 
magnitude  denser  than  ambient.  At  any  given  altitude,  the  sprite  plasma  decays 
exponentially  with  time,  but  at  a  rate  which  decreases  rapidly  with  altitude.  Atmosphenc 
chemistry  shows  that  the  decay  rate  is  proportional  to  the  product  of  [O]  and  [N],  each  of 
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which  decreases  exponentially  with  the  scale  height  of  about  7  km.  This  means  that  the 
sprite  plasma  decay  rate  decreases  exponentially  with  altitude  with  a  scale  height  of  3.5 
1m.  The  VLF  reflection  coefficient  of  sprite  plasma  columns  remains  near  unity  until  the 
plasma  density  decays  below  a  critical  level  for  which  VLF  reflection  is  insignificant.  At 
any  given  altitude,  at  the  time  when  the  plasma  density  has  decayed  to  e*^  (37%)  of  its 
initial  value,  plasma  at  the  altitude  3.5  km  below  will  have  decayed  to  e"®  (6.6%)  of  its 
initial  value. 

8.  Thus  at  any  given  time  the  sprite  plasma  columns  “appear”  to  the  VLF  wave  fi-om  the 
transmitter  as  having  a  well  defined  bottom  whose  altitude  increases  with  the  logarithm  of 
time,  this  being  the  inverse  of  exponential.  The  top  of  optically-observed  sprites  appears 
to  be  well  defined  so  presumable  the  plasma  remaining  after  the  sprite  luminosity 
(electrical  discharge)  ends  has  this  same  well-defined  top.  If  we  suppose  the  VLF  scatter 
amplitude  is  proportional  to  the  vertical  length  of  the  plasma  “seen”  by  the  VLF  incident 
wave,  then  the  scatter  amplitude  will  decay  with  the  logarithm  of  time  as  observed.  The 
time  t  is  when  the  plasma  density  at  the  top  of  the  sprite  has  fallen  below  critical  for 
VLF  scattering.  Observed  (by  OmniPAL)  values  of  h  over  the  range  of  about  30  s  to  500 
s  agree  with  optical  measurements  of  the  altitude  of  the  top  of  sprites  of  75  to  over  80  km. 
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I.  Infroduction 


Problems  involving  time-varying  parameters  are  of  interest  for  the  purpose  of 
investigation  of  electromagnetic  wave  propagation  in  ionosphere,  for  remote  sensing  of 
unstable  objects  by  short  electromagnetic  pulses,  etc,  A  necessity  of  considering  Such  problems 
Stems  also  from  the  investigation  of  ultrafast  electromagnetic  phenomena  in  semiconductor  and 
quantum  electronics  For  the  problem  sOlvifig  in  the  differential  statement,  FDTD  method  has 
gained  a  wide  recognition.  An  alternative  approach  reduces  the  problem  to  a  perturbation 
method  [1]  of  integral  equations  [2],  Using  a  resolvent  method  for  solving  the  obtained 
Voltefra  integral  equations  that  characterise  electromagnetic  transients  enables  us  to  formulate 
the  evolutionary  recursion  method  [3],  Irt  this  paper,  a  direct  numerical  time-domain  integral 
equation  method  is  extended  to  the  case  of  a  dissipative  dielectric  whose  permittivity  and 
conductivity  change  arbitrarily  in  time. 

H.  Integral  equation 


The  time-domain  solution  of  the  transient  wave  propagation  problem  relies  on  an 
integral  equation  technique,  which  has  been  used  for  pulsed  EM  transient  problems  recently 
[3,4].  A  starting  point  is  the  integral  equation  for  the  electric  flux  density  D  in  an  active 


medium : 


I  00  ^  2  / 

-Z)o(T,^--|c/r' 

0 


1  .  . 


2  Q  a^(T,4) 


b(r',^)+ 


(1) 


t')[Z)(t’,^+ r- ^■+ r')], 

where  ^  and  rare  spatial  and  temporal  coordinates  respectively;  a  and  h  are  parameters 
which  are  related  to  the  permittivity  £](r,^)  and  the  conductivity  respectively,  as. 


^2/^  ex  ^ _ £. _  I)  =  .  The  initial  values  of  permittivity,  conductivity  and 

electrical  flux  density  before  parameter  changing  are  a,  a(r<0,^<0)  =  0  and 
respectively.  v^l/^JesQp^  is  the  velocity  of  light  in  the  initial 
medium,  8q,  JUq  are  permittivity  and  permeability  of  vacuum,  /ris  the  wavelength  factor, 
^(r)  is  the  Heavyside  unit  function. 


TIT.  Scheme  of  uumerical  solution 

For  the  purpose  of  thO  ^nation  (1)  numerical  solution  we  assume  a  uniform  grid  on  the 
coordinate  plane  (  f ,  ^ )  with  equal  time  At  and  spatial  A|  steps;  At  =  A^ .  This  equality  is 
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met  with  the  stability  condition  for  the  numerical  analysis;  Ax  <  vAr  Than  the  integration 
paths  in  the  equation  (1)  are  straight  diagonal  lines,  which  pass  through  nodes  of  the  grid, 

The  essence  of  the  proposed  methodology  iS  the  sequence  solution  of  (1)  by  mafching  in 
time  step  by  step.  We  can  find  the  electric  flux  density  at  the  specified  temporary  step  T  = 
by  using  solutions  for  previous  steps.  We  would  like  to  avoid  the  repetitive  calculations  of 
integrals  that  have  been  calculated  along  the  covered  time  intervals.  Hence  we  select  fi-om  the 
integral  in  the  (1)  the  integrals  over  the  line  segment  [O,  t„_\  ]  introducing  new  function: 

0 

where  r,^y)  =  |l  -  T’)j .  This  enables  us  to  make  use  of  previously 

calculated  values  of  the  integrals  over  preceding  time  layers,  Since  D{T’,4i  +  “  ^’)  = 

=  D{r  , +  T„^4  -r),  then,  according  to  (2),  we  have  the  recursive  relation; 

f^a('^n-4,4i+4)+  j  (3) 

'^n-5 

On  introducing  in  the  same  manner  the  functions:  and  B^(T„,^j)  we 

can  obtain  the  following  equation  [4]: 

+  o(Ar), 

where  o(A7-)  is  the  contribution  of  the  integral  (1)  over  the  segment  ['r„_i,r„]  into  the 
electric  flux  density  D{r„,4i).  Here  it  is  assumed  that  this  Contribution  can  be  neglected. 
Under  such  an  assumption,  we  derive  a  formula  for  the  calculation  of  the  field  D(T„,^j) 
through  the  mediation  of  the  calculated  values  of  this  function  on  preceding  time  layers. 
Depending  ort  the  desired  observation  time  period,  a  simulation  run  on  a  Pentium  PC  with  16 
MB  of  RAM  takes  from  1  to  10  min.  For  the  case  listed  below  the  grid  spacing  was  selected 
uniform  as  At  =  =0.015. 


IV.  Discussion  of  Huttierical  eiamples 

In  order  to  present  a  visual  illustration  of  developed  numerical  technique  we  consider  a  one- 
dimension  problem  of  propagation  of  a  TEM  square  pulse:  Dq{t,4)  =  0{t  -  ^+2)- 
-  +  through  the  dielectric  slab  with  time-varying  permittivity  and  Conductivity 

(parameters  a  and  b  respectively).  Spatial-tempOral  distribution  of  electric  flux  magnitude  is 
presented  in  Fig.l.  Before  r  =  l,  when  permittivity  of  the  medium  s  is  still  constant  and 
conductivity  equals  zero  (  cf=1  and  6—0,  respectively),  the  pulse  propagates  in  the  positive 
direction  without  perturbation.  When  t  =  1 ,  the  permittivity  of  the  slab  (  medium  Avith  <^  >  0) 
becomes  1.7  times  greater  then  initial  one  and  the  conductivity  appears  (  a=0.6  and  6=0.01, 
respectively).  The  pulse  transforms  into  two  opposite-propagating  pulses.  They  are  well 
recognisable  in  Fig.l.  The  magnitude  of  backscattered  pulse  is  negative  because  a<0.  The 
backscattered  pulse  is  incident  to  the  boundaiy  of  Slab,  passes  it  through  and  is  partially 
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reflected  back.  In  Fig.  1  this  is  shewn  as  the  third  trace  which  follows  in  the  positive  difection 
froffi  the  boundary  (doted  line  at  ^  =  0).  The  difierent  angles  of  traces  cofreSpond  to  the  seve¬ 
ral  velocities  of  pulses  due  to  niediuni 


parameters  changing.  The  second  jump 
of  the  medium  pafameters  to  initial 
values  appears  when  t=7,  and  then  the 
difference  between  the  left  and  right 
half-spaces  vanishes  This  leads  to  the 
splitting  aH  the  located  in  the  slab  pulses 
into  forward-  and  back-scattered  ones. 
The  results  presented  here  are  in  a  good- 
agreement  with  those  obtained  by  the 
analytical  resolvent  method  [3]. 

Direct  time-domain  solution  of  the 
integral  equation  (4)  accumulates 
numerical  errors  during  the  time  of 
observation.  That  is  why  the  last-time 
distribution  of  field  sufFers  from  “noise”. 
The  rough  scaling  of  the  level-plot 
hampers  the  fine  recognition  of  all 
details  of  propagating  pulses. 


V.  Conclusions 

An  evolutionmy  algorithm  for  direct 
numerical  calculation  of  a  nonstationary 
electromagnetic  field  in  an  active  (gain 
or  lossy)  medium  with  time-varying 
permittivity  and  conductivity  is  presented,  This  field  is  described  by  the  time-dOmain  two 
dimensional  Volterra  integral  equation  of  the  second  kind.  The  algorithm  is  based  on  the 
discrete  time  scheme  and  does  not  impose  restrictions  on  the  signal  shape  and  duration,  as  well 
as  on  the  time  behaviour  of  the  medium  parameters.  The  influence  of  a  jump  in  the  medium 
parameters  on  electromagnetic  square  pulse  transformation  is  shown. 
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RADIATION  OF  A  LONG  CONDUCTOR  EXCITED  BY  A  SHORT  PULSE 
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During  recent  years  a  great  number  of  papers  devoted  to  the  mvestigation  of  nonstationary 
radiation  of  wire  antennas  were  published,  but  most  of  them  have  a  theoretical  character.  In 
the  well-known  experimental  works  electromagnetic  field  was  radiated  and  registered  ne^  a 
metal  surface.  To  use  ultrawideband  (UWB)  impulse  signals  in  practicd  aims  it  is  required  to 
radiate  and  receive  signals  in  free  space.  The  study  of  peculiarities  of  UWB  irnpulse  signal 
radiation  and  receiving  was  carried  out  taking  as  an  example  a  long  conductor  disposed 
perpendicularly  to  a  metal  plate  as  the  most  simple  for  investigation. 


For  this  aim  an  experimental  setup  presenting  a  1.64-in 
long  and  10-mm  diameter  conductor  installed 
perpendicularly  to  a  1.8-m  diameter  metal  plate  has  been 
created  (Fig.  1).  'Electrical  field  was  registered  by  means 
of  a  specially  developed  receiving  antenna  on  the  basis  of 
a  biconical  vibrator  having  a  dimension  2/  =  15  cm  with 
nonuniformity  of  an  amplitude-frequency  characteristic 
in  a  400-1200  MHz  range  no  more  than  ±3  dB.  To  excite 
y  the  conductor,  a  2-ns  long  bipolar  pulse  was  used  (Fig. 
-►  2a).  The  choice  of  a  bipolar  pulse  is  conditioned  by  its 
sufficiently  wide  frequency  band  and  absence  of  a 
constant  constituent  in  the  spectrum. 


At  numerical  simulation  the  metal  plate  was  substituted  for  a  system  of  radially  divergent 
conductors  of  a  corresponding  length.  The  conductors  were  perfectly  conducting.  A  bipolar 
pulse  was  simulated  by  means  of  a  derivative  in  time  from  a  gaussoid  (Fig.  2b).  For  numencal 
calculations  of  ultrawideband  signal  radiation  a  program  has  been  developed  on  the  basis  ot 
expression  for  electromagnetic  field  of  the  conductors  excited  by  the  given  current  [  1  ]: 
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E{r,t)  =  - 


f\3iqR)R-qiM)  ,  3UR)R-jiM)  ^  0'R)R-]'{M)] 

A^rJx - R^  cR^ 

where  >and  j'  are^tlie  current  and  its  derivative  in  time,  respectively,  ^  =  ?-r'is  the 
distance  from  the  conductor  surface  point  to  the  observation  point,  m  =  piOdt'  >  So  is  the 
dielectric  constant,  c  is  the  velocity  of  light  in  vacuum. 

The  obtained  simulation  results  were  compared  with  the  resuhs  of  calculadons  ^th 
application  of  the  program  WIRES  [  2  ].  Fig.  3  presents  the  calculation  results  of  the  £z-field 
component  for  the  point  x  =  0.7  m  and  z  =  0.84  m  made  by  means  of  our  program  (dashed 
line)^and  program  WIRES  (solid  line).  The  difference  m  the  delays  between  the  ^st 
second  puLs  is  due  to  the  difference  of  velocities  of  current  pulse  propagation  along  the 
conductor.  In  our  program  this  velocity  was  taken  to  be  equal  to  the  light  velocity  m  vacuum. 


Fig.  3. 


Fig.  4. 


In  the  experiment  a  z-component  of  electrical  field  was  measured.  For  comparisoi^  Fig^^4 
presents  the  field  oscillogram  in  the  point  x  =  0.7  m,  z  -  0.84  m.  As  is  follows  from  the 
Llculations  by  the  program  WIRES  and  from  the  experiments,  the  ^plitude  of  the  second 
pulse  radiated^by  the  linear  conductor  end  is  less  than  the  amplitude  of  the  first  one.  The 
deference  of  the  calculations  by  our  program  and  by  WIRES  (Fig.  3)  is  related  to  the  fact  tha 
in  the  first  case  the  conductor  diameter  is  not  taken  into  account  and  in  the  second  case  the 
conductor  diameter  is  10  mm.  Fig.  5  presents  the  results  of  calculation  (dashed  line)  ^d 
measurements  (solid  line)  for  the  point  x  =  0.45  m,  z  =  0.08  m.  Theoretical  (dashed  hne)  and 
experimental  (solid  line)  dependencies  of  maximal  ratio  of  the  second  and  fimt  pulse  half¬ 
periods  on  the  coordinate  z  for  the  x  =  0.45  m  are  presented  in  Fig.  6.  The  difference  in  the 
curves  can  be  explained  by  the  finite  frequency  band  of  a  receiving  antenna  and  the  difference 
of  exciting  pulses  in  the  experiment  and  calculation  (Fig.  2). 
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Fig.  5. 


Fig.  6. 


As  it  follows  from  the  obtained  results,  the  main  contribution  into  the  radiated  field  give  the 
currents  at  the  conductor  ends  and  radiation  from  the  plane  plate  edge  can  be  neglected. 
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Mathematical  simulation  of  a  pulse  signal  scattering  by  an  object  placed  above  a 
dielectric  media  boundary  (Fig.  1),  for  example,  air-to-earth  interface,  is  of  interest  for  a 

number  of  electromagnetic  and  radar  problems. 

Using  the  Lorenz  lemma  in  the  different  space  regions  and  combining  these  results,  we 

can  obtain  the  integral  representation  for  the  field  scattered  by  the  object  S  in  the  direction  R 
under  a  monochromatic  illumination: 


5 

Here  E(x\R\p)  is  the  field  generated  by  the  plane  wave  propagating  in  the  {-  R‘^)  direction 

in  the  presence  of  only  the  half-space  (i.e.,  in  the  absence  of  scatterer  S);  £(.R®),e(^*’) 
are  the  back  scattering  patterns  of  considered  structure  in  the  presence  and  absence  of  scatterer 
S,  respectively. 

The  field  E  (  scattered  in  the  (-  R^)  direction  can  be  approximated  by  zero  in  the 

case  of  oblique  (to  L  )  incidence  of  the  plane  wave.  Finally,  considering  the  phase  shifts  caused 
by  the  reflection  fi-om  the  boundary  L ,  equation  (1)  can  be  rewritten  as  follows: 


X 


J [  p exp  (-  jk, x)) + exp  (- 7  ^0 


(2) 


where  =R^  -2n{^R^ ny,P^ 
(x»)+/2 

JFl) 


boundary  L,  n=x 


is  the  polarization  vector  of  the  plane  wave  reflected  by 
R^  ;h  is  the  distance  from  the  plane  of  L  to  the  origin  of 


coordinates  associated  with  object  S;n  is  normal  unit  vector  to  boundary  L . 

Function  H^{x)  is  the  surface  current  density  on  S  generated  by  the  plane  wave 

propagating  in  the  (-.R°)  direction  due  to  the  boundary  L  of  the  half-space  V* .  The 
existence  of  media  interface  L  leads  to  the  fact  that  both  the  wave  reflected  from  L  and  that 
propagating  in  the  (-  R^)  direction  are  incident  together  on  the  object  S  surface.  Therefore, 
two  mutually  intersecting  (in  general  case)  “lighted  regions”  8^,82  regions  are  present  on  the 
object  surface  (Fig.l).  In  this  case,  on  using  the  Physical  Optics  approach  for  the  surface 
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current  density  on  S  and  the  known  connection  (by  means  of  the  Fourier-transform)  between 
the  object  response  to  the  temporal  5 -function  and  the  object  frequency-domain  characteristics 
(i.e.,  a  response  to  monochromatic  illumination),  we  can  obtain  the  transient  characteristic  of 
the  object  (response  to  step-function); 

A,[x) 


I 


+ 


B,(i) 


^dl+ 


dl+ 


ri2(/ 

-7 

1- 

f  (r°+r' 

)n 

1 

f 

[  l.R®+^’| 

1) 

/I 

[r^+r^) 

1 

V 

IR^’+R' 

1  J 

^dl+ 


(3) 


dl 


where  Fjj  (f )  are  the  integration  contours,  i.e.,  the  intersection  lines  of  the  “lighted  regions” 
5',,  ^2  planes  determined  by  different  combinations  of  vectors  ,R\ 

=  0,l)  are  the  fiinctions  depending  on  the  mutual  configuration  of  scatterer 
S,  media  interface  L ,  and  illumination  direction  and  polarization  vector  of  the  incident  wave. 

A. 

Thus,  the  calculation  of  the  transient  characteristic  e(#)  of  an  object  near  media 
boundary  is  reduced  to  the  computation  of  four  integrals.  By  using  the  expression  for  the 
probing  signal  (due  to  its  entire-fimction  character),  we  can  obtain  the  expression  for 

the  response  to  the  pulse  probing  as  follows: 

T 

E(i)=f  D/(s}E(t-s)d^,  (4) 

0 

where  T  =  min  (  f is  the  duration  of  signal  ^ )  • 

The  proposed  approximate  method  of  calculation  of  back-scattering  from  perfectly 
conducting  objects  near  a  media  boundary  can  be  efficiently  applied  in  the  analysis  of 
complicated  shape  objects,  provided  that  object  dimensions  are  noticeably  greater  than  the 
signal  duration  (as  measured  in  the  “light”  distance  units). 

When  performing  numerical  studies,  a  video  pulse 

n(t)=exp(-/^ /Tu)  (5) 

with  duration  =  1  ns  was  chosen  as  a  probing  signal.  As  a  result,  a  number  of  dependences 
(on  time),  of  the  normalized  magnetic-field  density  in  different  model  illumination  conditions 
and  a  horizontal  polarization  of  the  incident  plane  wave  have  been  obtained.  These  results  are 
presented  in  Figs.2  to  5.  The  following  parameters  were  taken  for  the  lower  half-space:  e  ~  7, 
ju  =  1.  The  pulse  signal  responses  at  the  height  of  the  sphere  lower  point  above  the  surface, 
L=  0,5  m,  for  ^  =  45®  and  ^  =  15®,  respectively,  are  shown  in  Figs.2  and  3.  Responses  in  the 
case  that  the  sphere  touches  the  L  plane,  for  (9  =  45®  and  ^  =  15®’  are  shown  in  Figs.4  and  5, 
respectively. 

In  all  figures  the  time  (in  nanoseconds)  is  counter  along  the  horizontal  axis.  The  relative 
response,  2^rxl0pE(/),  where  r  is  the  distance  to  observation  point,  p  is  the  horizontal 
polarization  unit  vector  of  receiving  antenna,  is  counted  along  the  vertical  axis. 
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CONSTRUCTION  OF  BESSEL-TYPE  BEAMLIKE 
SOLUTIONS  TO  THE  MAXWELL  EQUATIONS 

Victor  V.  Borisov 

Institute  of  Physics,  St.Petersburg  University,  St.  Petersburg,  Russia 

1.  The  aim  of  this  report  is  to  construct  the  transient  solutions  to  Maxwell’s  equa¬ 
tions  describing  the  Bessel  type  beamlike  TM  waves  in  free  space.  We  suppose  that  the 
current  pulse  of  special  transverce  and  angular  distributions  belongs  to  a  plane  that  is 
at  rest  or  starts  its  motion  with  a  constant  velocity  v  at  the  fixed  moment  of  time.  The 
explicit  solutions  of  the  initial-value  problem  are  the  transient  beamlike  modes  of  the 
cylindric  coordinates  system.  We  discuss  peculiarities  of  these  solutions,  which  describe 
both  transient  and  steady-state  waves.  In  the  previous  communications,  the  beamlike 
solutions:  a  scalar  steady-state  wave  [1]  and  a  transient  electromagnetic  wave  of  TE  type 

roi - 3  VvTr  rrtV»lo  TTro'To  "for  Dif  OTiflpr  IZPTO  OTllV- 

K/J  AXAXAXXV^  j  •»  ■V'A.  w  - - - - - - -  ^ 


2.  At  first,  we  obtain  the  explicit  solution  of  the  scalar  problem 

d-TT 

=  “J'i  i^^  =  i  =  0,r<0.  (1) 

OT^  C 

Here  r  =  tc  is  the  time  variable,  c  denotes  the  velocity  of  light.  We  suppose  that  the 
source  of  the  wave  perturbation  in  the  cylindric  coordinates  p,  (p,  z  is  given  by 

j  =  h{r)6{z  -  /3r)f{T)exp{im(p)Jm{ap),  P  =  v/c,  (2) 

where  h{z)  is  the  Heaviside  function,  S(x)  is  the  Dirac  function,  Jm{cip)  is  the  Bessel 
function  of  the  first  kind,  m  is  an  integer,  and  a  >  0  is  a  constant. 

Separating  the  variables  tp,  p  and  using  the  Riemann  formula,  we  obtain  the  solution 
of  the  problem  (1),  (2)  in  the  form 

(3) 

where  =  (1  -  -  l3z),  zp  -=  {1  -  0^Y^I\z  -  pr),  T  =  Tp  -  Zp  ii  Zp  >  0, 

and  T  =  -I-  if  <  0.  One  can  interpret  the  wavefunctions  tpm  as  beamlike  modes 
in  cylindrical  coordinates  having  the  same  profiles  for  arbitrary  time-dependence  of  the 
source.  It  should  be  noted  that  the  function  is  a  solution  of  the  telegraph  equation  in 
1-D  space.  Hence,  the  time-longitudinal  structure  of  the  above  modes  is  similar  to  both 
the  transient  plane  waves  in  collisionless  plasma  and  transient  guided  waves.  In  partic¬ 
ular  case  of  the  time  dependence  /(r)  =  (A:  is  a  constant),  one  can  represent  #  by 

means  of  Lommel’s  functions  of  two  variables  Un{w,  z)  or  Vfi{w,  z)  (see  [2]  for  extended 
consideration). 
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m  m  1  D  R  =n.  u) 


dz^  ar2  ’ 


pdifdr^ 


dpdr' 


3,  Not  express  the  components  of  the  TM  electromagnetic  field  vectors  E  and  B  via 
the  Bromvich-Borgnis  potential  II 

„  _  1  ^  „ 

"  dpdz'  pdzdfp' 

Then  MaxweU’s  equations  together  wth  the  initial  conditions  E  =  S  =  0  t  <  0-^ld 
the  scalar  problem  (1)  where  V.  =  f  and  j  is  the  non-zero  com^nent  of  the  curren 
density  rwtor  j  =  eji.  Therefore  the  solution  (3)  permits  us  to  obtain  the  components 
of  the  magnetic  induction  vector  B  by  differentiating  the  wavefanction 
to  the  variables  if  or  p.  To  calculate  the  components  of  the  electric  field  strength, 
should  integrate  solution  (3)  with  respect  to  the  time  variable. 

4.  Consider  the  limiting  case  of  the  current  pulsa  whi*  travels  with  the  velocity  of 
light.  When  2^  <  0  and  /?  =  1  we  have  from  expression  (3) 

rds/(s/2)J„  (aV(r-z)(r  +  z-  s-))  =  e-»-J„(ap)$(r.z),T±z  >  0. 
2e  V  (5) 

In  the  particular  case  of  /(r)  =  e^'^,  one  gets 


^{t,z)  =  {l/ck)  [Ui{w,z)  +iU2iw,z)] , 


(6) 


where  m  =  k{T  +  z),  and  z  =  aV^^-  We  rewrite  the  above  expression  using  the 
functions  Vn{w,z)  [3]  as 

1 

$  =  (l/cfc)  +  Vi{w,  z)  +  iVo{w, z)J  (7) 


and  supposing  that  f  f  »  1  obtain  the  steady-state  wavefunctions 


^  I  -a^  -  w 
■^+  2fc  ^  2 


(8) 


The  condition  f  >  1  determines  the  space-time  domain  where  the  steady-state  waves 
exist.  Hence  the  boundary  of  the  above  domain  is 

z  =  /?oT,  A)  =  («^  - 

where  /3b  >  0  if  and  /3o  <  0  when  a®  <  It  is  easy  to  verify  that  the  equation 

jfe2  ^  (^/c)2  _  where  a;  denotes  a  frequency  and  k  denotes  a  value  of  wave-vec^s 

satisfied  if  i-c  =  {k^  +  a’)/(2)=)  and  h  =  (k*  -  a^)/(2fc)  or  u/c  =  k  ^  ”  ^3, 
It  should  be  noted  that  we  do  not  obtain  the  local^ed  wave  structures  of  Bntting 
type  in  the  case  of  a  source  moving  with  the  velocity  of  light. 

5.  Let  us  discuss  the  axisymmetric  solution  of  the  wave  equation  (1)  for  the  Gaussian 
transverse  distribution  of  the  immovable  source 

j  =  (ll2TT)6{z)f{r)exp{-pya^)  r>0,j  =  0  r  <  0.  (10) 
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One  can  verify  that  the  function 


(11) 


is  a  solution  of  the  problem  (1)  and  (10)  in  the  space  domain  z>Q.  Here  Iq{z)  is  the 
modified  Bessel  function  of  the  first  kind.  One  can  see  that  the  transverse  distribution 
of  the  above  wavefunction  has,  in  general  case,  a  variable  profile.  Chan^g  the  function 
b{z)  in  (10)  to  S{t  —  z),  we  obtain  the  source  moving  with  velocity  of  light.  In  this  case 
the  solution  of  the  scalar  problem  (1)  describes  Brittingham’s  focus  wave  mode  forma¬ 
tion  if  /(r)  =  e**^  (see  [4]). 
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EVOLUTIONARY  BASIS  AND  OPERATORS  OF  TRANSFORMATION 
OF  NON-STATIONARY  WAVES  IN  PERIODIC  STRUCTURES 


Andrey  O.  Perov 

Institute  of  Radiophisics  and  Electronics  of  National  Academy  of  Sciences 
12  Ac.  Proscura  str.,  Kharkov  310085,  Ukraine 


A  new  approach  to  solution  of  model  problems  of  the  linear  non-stationaiy  theory  of  grating  is  present^. 
Its  fLidatioTis  formed  by  the  operator  method  in  the  space  of  "evolutionary"  bases  of  non-stattonary  signals. 


Development  of  the  spectral  theory  of  gratings  [1]  made  it  possible  to  ^ 

directions  of  analysis  within  the  time  domain.  The  problem  of  development  of  both  t 
mathematical  models  adequate  to  situations  dealt  with  and  numencd-anal^ica  “^thods  of 
their  realization  has  become  a  high  priority  one.  The  proposed  method  of  ^ 

problem  is  based  on  the  description  of  the  scattering  properties  of  periodic  structures  m  terms 
of  the  operators  of  transformation,  the  latter  bemg  qualitatively  identical  for  all  the  regula 
sections  of  the  Floquet  channel  of  the  "evolutionary"  basis  of  the  non-stationary  wave. 

Consider  a  model  initial-boundary  problem  (see  Fig.  1) 


As) 


di‘ 


i[[/(g,/)]  =  F(g,f);  f>0;  g  =  {yA^Q 


'  U(gjX__,  =9{s)\  ^AsAt-o^As\ 

assuming  that  the  functions  F{g,t),  (p{g),  'F(g),  '^bich  are  finite  in  the 

domain  0  =  i?\hit5,  i?  =  {gei?^:0<y  <2;r,  H<co) ,  satisfy  the  conditions  of  the  theorem 

of  unique  solvability  of  (1)  within  the  Q  =Qx(^>^X  energy  class 

(Sobolev  space)  [2].  Here;  M  is  either  an  identical  operator  in  the  E-polarization  case  of 
2  t)=E^  H  =  =  0 ,  or  an  operator  of  differentiation  along  the  outer  normal  to  S 

in  the  H-case  of  U  =  ^  H,  =0,  S  \s  the  boundary  of  perfectly  conducting 

grating  generatrices  at  the  period0<y<2;r;  is  the  plane  of  variables  y,  2;  g={y, 

is  a  real  parameter  of  the  Floquet  channel  R,  real-value  functions  e(g)>  1  and  <7(g)  determine 

the  influence  of  the  Floquet  channel  nonuniformity  on  the  velocity 

perturbation  and  on  its  dissipative  characteristics;  int^"  is  the  closure  of  domains  in  /t  fi  e  y 

metal  ( i.e.,  the  section  of  the  grating  metal  generatrixes  by  a  plane  x  =  const). 

In  the  specific  case  of  a  Floquet  channel  that  is  regular  on  the  whole  length  R  (int  5  =  0; 

p(e)  - 1  =  (7(2)  =  0)  we  shaU  present  the  solution  as  an  expansion 

u(g,t)=i:A^’^)M  S^Q,  t>0, 

in  terms  of  the  system  of  eigenfunctions  //„(y)  =  exp(/4>')  (2;r)  ^  ,  A„=n  +  ^, 
„  g{„}  =0,±1...  of  the  homogeneous  boundary  problem  produced  by  (1)  after  separation  of 

the  lateral  coordinate  y. 
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The  expansion  coefficients  v„  {z,  t)  =  G{X„  )*  f„  can  be  obtained  as  a  convolution  of  functions 

-S{t)  c„{z),  here  aX^Ah^)  are  the  Fourier  coefficients  of  F(g,t),  <p(g)  and 

^(g)  functions,  respectively,  when  the  latter  functions  are  series-expanded  in  terms  of  the 
basic  system  {/^„(y)}„;  xir  )  is  Heaviside’s  function;  is  the  generalized  derivative 

of  the  order  of  w  of  the  delta-function;  7„(. . .)  is  the  Bessel  function. 

Expansion  (2)  gives  both  the  general  and  the  particular  (corresponding  to  the  given  sources) 
form  of  the  field  of  a  non-stationary  wave  propagating  in  the  regular  Floquet  channel.  Its 
change  both  in  space  and  in  time  is  completely  determined  by  the  system  of  functions 
v{z,t)  =  [v„At)}„,  the  properties  of  which  justify  its  role  of  the  universal  "evolutionary 
basis"  of  non-stationary  wave  in  any  finite  regular  (containing  neither  sources  nor 
discontinuities)  piece  of  the  strip  R. 

Suppose  now  that  a  wave  of  the  type  (2)  is  exciting  an  open  periodic  resonator  shown  in  Fig.  1 

Excitation  field  U'  (g,  t) = X 

we  consider  to  be  non-zero  only  in  the  reflection 
zone  A  with  *,  >  0  (the  upper  boundary  of  the 
discontinuity  of  the  Floquet  channel  R  is  located  in 
=  0  plane).  We  present  the  secondary  field 

arising  both  in  the  reflection  zone  (A)  and  in 
transmission  one  (B),  propagating  in  the  positive 
directions  of  z,  and  z^ ,  as 


Further  we  introduce,  by  expressions 

(».') '  -  9s] + 

Q  m 

+  {t  -  j  =  n,m^  0,+l. . . ,  (4) 

the  boundary  values  (  on  the  boundary  Zj  =  0  of  the  discontinuity  of  the  channel  R  )  of  the 
operator  of  transformation  of  the  evolutionary  basis  of  a  non-stationary  wave  coming  from  the 
upper  half  space  (from  the  region  A); 

w;(0.,).{.»„(0./)}_=[^".5;+7-“.5;]v(0,r);  y  =  l,2.  (5) 

It  is  obvious  that  together  with  the  expressions  [3] 

^ (zj =  Jo ((^  -  -r)-Zj]w'„  j (O, r)dt, .  Zj  ^0,  J  =  1,2,  (6) 

0 

specifying  the  diagonal  operators  E"^(zj)  and  E®(z2): 


(0,.)  I,  >0,y  =  1,2, 


(7) 


monitoring  the  field  changes  during  a  "free"  run  of  wave  over  a  finite  distance  in  the  regular 
section  of  the  channel  R,  the  operators  R'^  and  completely  characterize  all  the  scattering 
properties  of  the  grating  under  its  quasiperiodic  excitation  from  the  halfspace  A. 
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Zj® 

Qi® 


3 


I  1 


1  1 

W,® 

\ 

1 

zp- 

jwi® 

1 

1 

lw.(n) 


7^ 


wj(i)  ^  j  By  determining,  as  is  the  case  with  and 

y®  the  transformation  operators  and 

of  the  evolutionary  basis  of  the  non- 

.  stationary  wave  coming  from  the  halfspace 

I  )  :  I  region  B,  at  the  boundary  22=0,  and 

considering  such  operator  sets  to  be  known  for 
individual  elementary  gratings,  we  develop  an 
algorithm  of  solution  of  the  problem  arising  in 

. . the  analysis  of  the  scattering  properties  of  the 

complex  structure  containing  those  gratings.  In 
the  model  situation  shown  in  Fig.2,  the 
structure  contains  two  2;r -periodic  gratings  I 
and  II  located  one  above  another  in  parallel 
Fig  2  planes.  The  gratings  are  connected  through  the 

Floquet  channel  B  having  a  finite  length  i . 

Keeping  the  same  notations  as  accepted  before  (  the  obvious  changes  are  caused  by 
presence  of  two  different  gratings  I  and  U  )  and  following  notations  (3)  -  (7),  we  obtain  (  see 

Fig,  2,  w' (I)  -ei '■ 

..;(i)=R"(iX>']+r^'(i)E'(f)[w;(ii)];  »’;(n)=R"{n)E''(<)[w;(i)], 

'  w;(i)=  f;"(iXv']+ »’,(ii)= r“(n)E'(<)[w;(i)} 

By  the  method  of  elimination,  system  (8)  is  reduced  to  the  operator  equation  of  the  second 
kind  with  respect  to  the  unknown  vector-function  ^ 
w;(l)=  7’"^(l)[v]  +  i?®"(l)E®W^""(n)E"(f)K(l)], 

and  to  the  transformation  formula  determining  all  the  components  of  the  field  formed  by  the 

The  initial  "complex"  problem  has  been  converted  to  a  form  admitting  a  direct  inversion^ 
The  operator  in  the  right  hand  part  of  (9),  because  of  the  finite  velocity  of  propagation  of 
perturbations,  influences  the  unknown  vector-functions  ^2(1)  having  values  relating  only  to 
the  time  moments  previous  to  the  calculated  one.  The  "complex"  grating  is  reduced  to  the 
category  of  elementary  ones  after  calculation  of  elements  of  the  boundary  operators  according 

tL  model  situations  considered  above  demonstrate  practically  all  the  basic  features  of  the 
proposed  method  at  the  stages  both  of  description  of  the  scattering  properties  of  ptings  m 
terms  of  boundary  transformation  operators  and  of  construction  of  algonthms  of  the  analysis 
of  complex  periodic  structures. 

1.  V.P.  Shestopalov,  Yu.K.  Sirenko,  Dynamic  theory  of  gratings,  Kiev:  Naukova  dumka, 
1989 

2.  O.A.  Ladyzhenskaya,  Boundary  problems  of  mathematical  physics,  Moskow:  Nauka,  1973. 

3.  Yu.K.  Sirenko,  V.P.  Shestopalov,  N.P.  Yashina,  New  methods  of  the  dynamic  linear  theory 
of  open  wave^iide  resonators,  J.  Comput.  Math,  and  Mathem.  Physics,  1997,  Vol  37, 
}k  7,.  pp.  869-877. 
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Transient  Analysis  of  Transmission  Lines  with 
Time-dependent  Terminations  and  General  Inpnt 


Ahmad  Cheldavi:  Iran  University  of  science  &  Technology,  Naimak, 
Tehran,  16844,  Iran,  Fax:  +98-21-7454055 ,  Tel:  +98-21-7808022 
E-mail:  cheldavi@ece.ut.ac.ir 


Abstract 

In  this  paper  an  exact  time-domain  solution  for  wave  equation  in  lossless 
TEM  transmission  lines  with  time-dependent  boimdaiy  conditions  in  the 
input  and  output  terminals  will  be  peresented. 

First  a  mathematical  closed  form  time-domain  solution  for  the  wave 
equation  in  lossles  TEM  transmissions  lines  subject  to  arbitrary 
terminations  will  be  peresented,  then  this  general  solution  will  be 
specialized  for  some  time  dependent  resistive  terminations. 

Foundomentals  of  transient  analysis  of  teransmission  lines  with  random 
inputs  such  as  v\diite  noise  also  was  considered  in  this  paper  briefly,  in  the 
latter  situation  the  results  are  in  the  form  of  some  statistical  parameters, 
such  as,  correlation  function,  mean,  variance  and  spectral  density  of  the 
voltage  or  curent  stochastic  processes,  in  the  line  as  a  function  of  time  and 
distance. 

1-  Introduction 

Time  dependent  loads  especially  loads  widi  sinusoidal  variations  are  very 
important  in  engineering  and  modelling  the  actual  behaviour  of  some 
physical  phenomenas.  moreover  \dien  the  parameters  of  the  input  to  the 
line  is  not  completely  known,  then  frequency  domain  methods  fail  to  solve 
such  more  complicated  problem  exactly,  so  we  will  use  the  time  domain 
approch  to  solve  such  problem. 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


MMET’98  Proceedings 


325 


2-  Mathematical  Tools 

The  main  problem  is  shown  in  fig.(l) 

X 

Fig.(l) 

Time  domain  exact  solution  for  the  voltage  wave  propagation  in  this  line, 
using  dallamber  solution  is,  [1]; 


v(x,  t)  =  M  £  Kf V,(t  -  x/u  -  2md/u)  rtKilt  -  x/u  -  Pk  -  IM/u] 

111=0 

+  M  i;  K“"Vg(t + x/u-  2md/u)  n^Llt  -  x/u  -  (2k  -  l)d/u] 
m=r  *  k=o  Vl) 

in  which  v,  K  and  Kl  are  velocity  of  the  wave  and  reflection  coefficients 
in  the  source  and  load  terminals,  respectively. 


M= 

Rg+Ro’  Rg  +  Ro’ 


Zjt)-Zo 
ZjO  +  Zo 


(2) 


3-  Statistical  Results 

ff  the  iiq)ut  to  the  line  is  a  stationary  white  noise  with  mean  My  and 
correlation  function  Ry(t),  the  steady  state  voltage  mean  and  correlation 
function  as  a  function  of  time  and  distance  will  be  (for  ZL(t)  =  Rl): 


(3) 

R„(x,t)  =  M^(l  +  Ki)  RyW  +  K  JR,(t  -  2(x  -  d)/u) 

+  Ry(T  +  2(x-d)/u)]  (4) 
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4-  Sinosoidal  Load  Termination 

Here  we  present  two  examples  for  the  sinosoidal  load  terminations. 

Figure  (2)  shows  the  voltages  in  the  middle  of  a  20m  length  line  with 
Zo=50  ,  Rg=150  ,  Vg(t)  =  Sin[(27txlO^)t]u(t)  and 

ZL(t)  =  20  +  10Cos[(27ixl0‘^)t]  . 

Figure  (3)  shows  the  voltages  in  the  middle  of  the  same  line,  but  with  unit 
step  input,  and  the  load  is  ZL(t)  =  50+  50  Cos[(27c  x  10^)t] . 

5-  Reference 

A.Cheldavi,  H.Oraizi,  and  M.Kamarei;  "Time  Domain  Analysis  of 
Teransmiton  Lines"  proc.  of.  25diEuMC,  Bologna,  Italy,  Sep.  1995 
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FDTD  METHOD  IN  PROBLEMS  OF  PENETRATION  OF  TRANSIENT  FIELDS  OF 
ELECTROSTATIC  DISCHARGE  INTO  A  CAVITY 

P.  Shubitidze,  R.  Jobava,  R.  Zaridze,  D.  Karkasbadze,  R.  Beria,  D.  Pommerenke,**  S.  Frei* 

Laboratory  of  Applied  Electrodynamics,  Tbilisi  State  University  3  Chavchavadze  Ave., 

Tbilisi,  380028,  Georgia,  Tel  &  Fax:  +995  32  290845,  e-mail:  lae@resonan.ge; 

♦Technical  University  of  Berlin,  Germany 
♦♦Hewlett  Packard,  Roseville,  USA 


Abstract  -  FDTD  (Finite  Difference  Time  Domain)  method  is  a  well-known  method  for  numerical  solution  of 
Electromagnetic  Compatibibty  (EMC)  problems.  In  this  paper  this  method  is  used  to  calculate  the  sMding 
efficiency  (SE)  of  enclosure  with  aperture.  Transient  fields  related  to  indirect  Electrostatic  Discharge  (ESD)  are 
used  as  incident  fields  to  investigate  EMC  problem  of  aperture  penetration  mto  cavities. 


MetalUc  shields  are  commonly  used  to  protect  the  equipment,  sensitive  electromc  parts  of 
which  can  be  disturbed  or  even  destroyed  by  transient  EM  fields.  Practical  shielding  enclosures 
always  contain  many  apertures  such  as  vents,  cable  feed-through  and  seams  that  allow  electro¬ 
magnetic  energy  to  couple  into  the  structure.  This  paper  presents  a  numencal  study  of  the 
coupling  of  transient  fields  radiated  due  to  Electrostatic  Discharge  (ESD)  into  the  metdlic 
enclosure  with  aperture.  Computer  simulation  of  ESD  is  done  using  a  full-wave  Method  of 
Moments  in  time  domain  for  discharging  bodies  of  revolution  located  near  the  ground  plane  [1- 
4].  For  a  discharging  structure  shaped  as  spheroid  that  can  be  considered  as  a  model  of  human- 
hand  related  ESD,  calculated  arc  currents  and  fields  were  compared  with  experimental  data 
and  showed  a  sufficient  for  EMC  applications  accuracy  of  the  developed  technique  [1-4].  Such 
realistic  fields  are  used  in  this  paper  as  incident  fields  to  investigate  aperture  penetration  into 
cavities.  Time  domain  analysis  has  been  done  by  using  FDTD  method. 


Fig.  2.  Configuration  of  the  shielding  enclose. 
(All  dimensions  in  nun) 


We  describe  here  briefly  the  FDTD  algorithm.  It  is  based  on  the  discretization  of  the 
Maxwell  equations  according  to  the  field  component  definition  illustrated  in  Fig.  1.  For 
instance,  consider  the  magnetic  field  components  normal  to  the  face  of  the  cubic  cell  and 

discrete  coordinates  and  time  n+i.  By  using  a  central  difference  of  the  time  and 

space  derivatives,  it  can  be  updated  from  its  value  at  the  previous  time  step  and  fi-om  the 
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electric  field  components  located  at  the  edges  of  the  face  at  the  previous  time  step,  in  the 
following  manner; 

1  n-i  At 

Hr^(i.j+lk+2)  =  Hr^(iJ+lk+*2) - -(E"(i,j+l,k+*)-E;(i,j+l,k+^))- 

(E”(iJ+i,k+l)-E”(i,j+'2,k))] 


where  A  and  At  are  the  space  and  time  steps,  respectively.  Similar  recursive  formula  can  be 
established  for  the  remaining  field  components  [5],  To  ensure  numerical  stability,  time  and 

space  steps  have  to  satisfy  the  stability  criterion  (cubic  cell);  where  c  is  the  light 

velocity  of  the  medium.  The  modeled  and  experimentally  measured  enclosures  are  based  on 
cubic  metallic  box  (Fig.2)  with  reconfigurable  front  panel.  Here  we  will  limit  ourselves  to  some 
results  for  the  cylinders  with  rectangular  aperture  cut  in  the  center  of  the  front  panel.  The 
configuration  is  excited  by  the  plane  wave  having  the  same  time  dependence  and  magnitude  as 
a  transient  field  of  BSD  at  some  distance  fi-om  the  discharging  body. 

In  all  calculations  below,  a  metallic  spheroid  of  semi-axes  a=31  cm  and  b=5  cm  is  chosen 
as  a  discharging  object.  Spheroid  is  charged  to  some  voltage  denoted  as  V.  Discharge  occurs 
at  a  distance  h  from  the  plane.  Fig.  3  shows  radiated  electric  fields  for  two  different  cases;  a) 
V=5  kV,  h=0.7  mm;  b)  V=10  kV,  h=1.0  mm.  Observation  point  is  located  at  the  ground  plane. 
The  distance  to  the  point  of  observation  from  the  location  of  arc  is  Im. 


a)  b) 

Fig.3.  E-field  radiated  by  ESD  from  spheroid  0.31m  and  0.05m  semi-axes:  a)  V=5  kV,  h=0.7mm;  b)  V=10  kV,  h=1.0mm. 


We  estimate  the  shielding  efficiency  of  the  cavity  as  a  maximum  of  field  inside  the  cavity 
normalized  to  the  incident  pulse.  Characteristic  time  duration  of  the  ESD  fields  from  the 
described  above  geometry  dictates  the  low-frequency  scenario  of  aperture  penetration.  To 
investigate  the  characteristic  behavior  of  ESD  fields  penetrated  into  aperture,  we  calculate 
aperture  penetration  of  the  fields  of  ESD  into  infinite  perfectly  conducting  cylinders  with 
rectangular  cross  sections.  The  code  described  above  determines  the  complete  electromagnetic 
field  in  the  space  surrounding  the  cylinder  for  all  time  moments  of  interest.  This  massive  of 
information  can  be  used  to  obtain  a  better  insight  in  the  field  coupling  phenomena.  For  this 
purpose  we  present  the  field  portraits  in  Fig.4. 

These  portraits  show  the  electric  field  in  the  space  near  and  inside  the  cylinder  for 
different  moments  of  time.  In  Fig.  4,  for  the  moment  ct=2.815  m  the  incident  pulse  approached 
to  the  cylinder  and  the  energy  began  to  penetrate  via  the  aperture.  The  next  portrait  shows  a 
cylindrical  wave  inside  the  cavity  with  the  center  located  at  the  aperture.  This  field  propagates 
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with  a  small  reflection  from  the  walls.  Reflection  can  be  detected  via  curvatures  seen  after  the 
first  peak  in  the  pulse  inside  the  cavity.  At  ct=3.75  one  can  see  the  moment  when  field  reaches 
the  right  wall  of  the  cylinder.  After  this,  the  field  be^ns  reflecting  from  the  w^  ^d  focusing  at 
some  points.  As  the  aperture  is  quite  wide,  the  incident  field  is  penetrating  inside,  and  all  the 
portraits  in  Fig.  4  can  be  explained  by  considering  the  pulse  propagation  inside  the  cavity.  After 
some  time  we  can  expect  to  see  resonant  fields  inside  the  cavity. 


ct=4.G625  m  ct=  4.375  m 


Fig.  4.  Time-histoiy  of  the  field  inside  the  cavity.  Width  of  sides  of  cylinder  Im.  Size  of  rectangular  ^jerture.  0.3m 
Incident  field  is  radiated  by  BSD  fiom  90®  (5  kV,  0.7  mm). 

These  results  show  that  time-domain  analysis  has  its  own  peculiarities  that  should  be 
considered  carefully  from  the  physical  point  of  view.  In  the  future  work  our  attention  will  be 
focused  on  the  investigation  of  transient  field  coupling  in  the  cavities  having  different  shapes. 
Different  kind  of  BSD  events  (voltages,  arc  lengths)  will  be  also  considered. 

We  want  to  thank  the  Volkswagen  Foundation  for  sponsoring  this  work. 
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Abstract.  A  transient  field  radiation  of  the  coaxial  waveguide  aperture  is  considered.  The 
approach  used  is  based  on  the  Evolutionary  Equations  Method  in  the  case  of  electromagnetic 
waves  propagation  in  fi'ee  space.  Three-dimensional  problem  is  solved  analytically  in  time 
domain  by  means  of  the  Separation  of  Variables  Technique.  The  results  are  illustrated  by 
numerical  simulation. 

Introduction.  The  application  of  superwideband  signals  shows  promise  for  the  development  of 
communication  systems.  In  parallel  with  the  classical  approach  to  the  problems  of  transient 
signal  radiation,  the  analytical  methods  in  time  domain  attract  particular  interest  because  of 
their  clarity  from  the  energy  and  information  standpoint.  A  technique  of  this  sort  is  the  Modal 
Basis  method,  which  was  intended  originally  as  the  procedure  of  solving  the  electromagnetic 
problems  in  resonators  [1]  and  waveguides  [2]  filled  with  nonhomogeneous-layered  nonlinear 


The  essence  of  the  method  is  a  construction  of  coordinate  basis  in  the  cross  section 
plane  and  an  expansion  of  the  transversal  field  components  in  terms  of  the  eigen  functions  of 
this  basis.  Unknown  expansion  coefficients  can  be  evaluated  from  the  set  of  evolutionary 
equations  that  can  be  recast  into  three  independent  partial  differential  equations,  of  which  two 
Klein-Gordon  equations  in  longitudinal  field  components  govern  independent  propagation  of 
the  H-  and  E-waves.  The  third  wave  equation  describes  propagation  of  the  TEM-waves  in  the 
waveguides  with  multiply  connected  cross-section  contour.  These  equations  can  be  solved  in 
the  time  domain  by  the  separation  of  variables  method  or  the  Green’s  function  technique, 
according  to  which  transversal  component  amplitudes  are  found  by  differentiation  of  the 
obtained  solution  with  respect  to  time  or  longitudinal  coordinate. 

This  approach  has  been  applied  to  the  transient  field  radiation  problems  [3].  The  self- 
adjontness  of  the  matrix  operators  constructed  in  the  plane  of  cross-section  is  ensured  by  the 
boundary  conditions  on  the  perfectly  conducting  metal  in  the  case  of  interior  problem,  whereas 
the  self-adjontness  of  the  same  operators  in  the  case  of  exterior  problem  is  provided  by  the 
condition  of  radiation.  The  former  case  is  characterized  by  the  discrete  spectrum  of  eigen 
values  while  the  latter  case  is  marked  by  the  continues  spectrum  of  eigen  values.  In  response  to 
the  change-over  from  discrete  spectrum  to  the  continues  one,  the  eigenfimctions  are  modified 
and  the  problem  solution  is  an  integral  of  modes  over  spectral  parameter  from  0  to  oo  rather 
than  a  sum  of  modes.  The  problem  of  unknown  evolutionary  coefficients  evaluation  is  basically 
the  same  except  for  the  transversal  wavenumber  not  being  a  constant  but  an  integration 
variable. 

The  Statement  of  the  Problem.  Let  a  TEM-wave  with  an  arbitrary  time  dependence 
propagates  in  the  direction  of  increasing  the  longitudinal  coordinate  z  in  the  semi-infinite 
coaxial  waveguide  with  the  outer  radius  R  and  the  inner  one  r.  According  to  [2], 
electromagnetic  field  in  the  interior  of  the  waveguide  is  presented  as 


")> 


(1) 


where  /(•)  is  an  arbitrary  function  which  defines  the  time  dependence. 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


MMET’98  Proceedings 


331 


Suppose  that  coaxial  waveguide  has  an  open  end  with  infinite  flange  in  the  cross 
section  at  z  =  0  .  We  use  the  free-space  electromagnetic  field  expansion  m  terms  of  the  Modal 
Basis  fi-om  [3]  in  the  absence  of  currents  and  charge  sources. 


oo<»  ^  d 

»1=0  n  ^  0 


m-0  0 

00  CO 


/f(p,(p,z,()=2;|rfxvv,|:*,  xvct’,]e.|c 

_ OZ  rt 


(2) 


»i=0  0  0 

where  the  fimctions  = 

the  field  distribution  in  the  cross  section,  /v0  is  the  Bessel  function  of  order  v,  and  e„ 
are  the  evolutionary  coefficients  to  be  found,  which  must  obey  the  equations 


1 


Ic^dt^  dz^ 


+  ^He„(z,r;0  =  O. 


One  should  match  together  all  the  field  components  at  z  -  0  and  make  sure  that  the  H^ave 
radiation  is  absent,  since  K(z,f,x)^0 .  The  boundary  and  initial  conditions  on  the  Klein- 

Gordon  equation  solution  are  of  the  form: 

€(z,i;5)|,..=0;  -<z,<;i)|„.=0, 

where  =  because  e.(z,(;E).0  at  by  virtue  of  axial  symmeto'.  We 

impose  the  first  condition  implying  that  the  field  amplitude  equals  to  zero  at  mfimty.  It  wdl  be 
desirable  to  specify  the  function  /(cl  -  z)  in  the  following  manner; 

ct-z,  d  -  z  ^  0; 

0,  ct-z<0. 

Hence,  the  time-dependence  of  electric  and  magnetic  fields  at  the  waveguide  open  end  has  the 

step  shape  given  by  expressions  (1). 

If  we  set  up  the  problem 

ll  +^4B(z,r;4)  =  0 


l{ct  -z)- 


dt^  dz^  j 

for  the  new  function  =  with  the  boundao'  condition 

5(z.l;5i=.  =C(5)//(1).  where  C(5)  =(ci..[/.(4r)-/.(y?)])/ln^Vf .  «(<)  iz Heaviside’s 

function,  we  can  write  immediately  the  solution;  ^ 

which  was  obtained  by  means  of  separation  of  variables  method  in  [4],  With  the  other 
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conditions  (3)  we  find  the  evolutionary  coefficient 

1 

00  /  X 

<z,,;5)=(-2c(yA)|;[f^J  (4) 

One  can  draw  on  formula  2. 12.42.2  [5]  to  find  transversal  field  components  of  H  and 
E  fi-om  (2)  by  using  the  first  term  of  the  series  (4)  that  yields  a  leading  contribution  to  the 
electromagnetic  field  at  great  z  and  t .  Precize  values  of  the  field  strength  are  obtained  from 

(2)  by  the  numerical  integration  with  respect  to  ^ . 

Numerical  Illustrations.  The  time  and  angle  dependences  of  the  transversal  electric  field 
strength  are  depicted  in  Figure  1  (  r  =  0,5m,  =  1  m).  The  time  scale  is  given  in  the  units  of 

(ct).  The  distance  between  the  centre  of  the  waveguide  open  end  and  the  observation  points 
equals  to  10m.  Transversal  field  components  are  approximately  proportional  to  each  other  at 
the  chosen  observation  distances.  The  dependence  of  the  signal  energy  in  the  sector  of  0®  - 10® 
on  the  distance  is  illustrated  in  Figure  2.  The  energy  in  a  fixed  sector  becomes  constant  starting 
fi-om  some  distance,  but  the  longer  this  distance  the  more  part  of  the  energy  concentrated  near 
the  axis  OZ. 


ct,  m 

Fig.  1 .  Time  and  angular  dependence 
of  the  transversal  electric  field  component. 


Signal 


0®  -10®  at  different  distances. 


Conclusions.  Transient  signal  radiation  of  the  coaxial  waveguide  aperture  has  certain  features 
of  electromagnetic  missile.  These  are:  anomalous  slowly  decreasing  amplitudes  of  field  and 
considerable  concentration  of  the  signal  energy  near  the  longitudinal  axis  OZ.  A  uniform 
distribution  of  the  field  at  the  aperture  is  obviously  not  needed  for  electromagnetic  missile 
radiation.  The  main  condition  for  the  radiation  of  such  a  signal  is  infinitely  fast  jump  in  the 
time-dependence  of  a  source. 
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SOME  EXACT  SOLUTIONS  FOR  ELECTROMAGNETIC  FIELD  IN  MEDIA 
WITH  DIFFERENT  TYPES  OF  TRANSIENT  CONDUCTIVITY 
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Applied  Electrodynamics  Chair,  Kharkov  State  University, 

4  Svoboda  Sq.,  Kharkov,  310077  Ukraine,  e-mail:  ira@umcom.kharkov.ua 


Abstract  Electromagnetic  field  transformation  in  the  media  with  continuously  time- 
varying  conductivity  is  studied  by  solving  Volterra  integral  equation  for  the  field.  Exact  soMons  for 
the  fields  are  obtained  for  a  continuous  temporal  variation  of  the  medium  conductivity  from  one 
constant  value  to  another,  and  for  time-splashing  conductivity.  Their  analytical  and 
analysis  shows  features  of  wave  splitting  on  the  non-abrupt  temporal  step  of  conductivity  for  the 
former  case,  and  spatial  field  re-distribution  for  the  latter  one. 


Investigation  of  electromagnetic  field  behaviour  in  transient  media  started  from 
the  simplest  but  fundamental  case  of  abrupt  temporal  change  of  media  parameters  [1- 
2].  It  has  been  shown  for  different  media  that  the  time  jump  of  media  parameters  leads 
to  electromagnetic  wave  splitting  onto  direct  and  inverse  ones  [1-3].  Only  a  few  works 
dealt  with  continuous  temporal  changes  of  environmental  parameters,  as  sucn  me  ones 
by  F.A.Harfoush  and  A.Taflov  [4]  for  harmonic  time-dependence  and  by  A.Ne^ 
[5]  for  an  approximation  of  continuous  change  by  a  sequence  of  abrupt  ones.  In  these 
works  the  problems  usually  were  solved  numerically  or  approximately  and  only  a  tew 

types  of  continuous  dependences  were  considered. 

In  the  presented  work  we  consider  electromagnetic  field  transformation  for  two 
cases  of  the  conductivity  continuous  time  dependences.  The  first  is  the  conductivity 
changing  continuously  from  one  constant  value  to  another,  which  is  actually  a  more 
accurate  description  of  the  conductivity  jump.  The  second  one  is  a  medium  with  time- 
splashing  conductivity.  Such  a  dependence  of  conductivity  describes  many  natural  an 
simulated  processes  having  a  splash  character,  especially  those  which  anse  due  to 


The  problems  solved  exactly  display  the  advantages  of  a  more  general  analysis, 
avoiding  any  doubt  about  the  solution  accuracy. 


PROBLEMS  FORMULATION 

The  transient  media  are  assumed  homogeneous,  and  the  fields  are  considered  to 
have  only  a  component  which  is  normal  to  the  x  axis  and  independent  on  the  y  and  z 

coordinates.  That  is,  one-space-dimensional  problem  is  to  be  solved.  ,  .  , 

The  conductivity  nonstationarity  starts  at  t  =  0  moment.  Ei  is  an  electncal 
component  of  electromagnetic  field  before  the  medium  change,  also  called  the  mcident 


field. 


First  type  of  nonstationarity  is  described 
by  hyperbolic  tangent,  as  Fig.  1.  shows.  It 
includes  cases  of  the  conductivity 
increasing  and  decreasing. 
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The  conductivity  time  splash  in  the  second  case  is  determinated  as 
o(t)=cr  ,{A  (t  +  c)e""*- 


(t  +  c  )J  d  T 


a  ( t- X  ) 


X  +  C 


1  +  (X 


2  a 


(x .  cy 


X  +  c 


(1) 


which  can  be  a  splash  in  the  positive  values  of  conductivity  (Fig.2(a))  as  well  as  in  the 
negative  ones  (Fig.2(b)). 


Fig. 2. Dependences  of  conductivity  time-splash  shape  on  a  and  a  in  (1) 


The  field  E  after  the  nonstationarity  starts  is  to  be  found,  that  is  we  are 
interested  in  the  transformation  of  the  incident  field  in  the  transient  media,. 

No  restrictions  on  the  time  and  space  (one-dimencional,  as  mentioned  above) 
dependence  of  the  incident  field  were  made  while  obtaining  an  analytical  solution  of 
the  problem.  Numerical  analysis  is  carried  out  for  the  incident  field  taken  as  a  plane 
haimonic  wave. 

Mathematically,  the  problem  is  formulated  in  terms  of  Volterra  integral 
equation  for  electric  field  that  has  the  following  form  in  one-space-dimensional  case: 

E(t,x)=  E  ,  (t,x)-  J<it’a(t')  J  dx'6  (t-  t'-  I’'  "  j/]  E  (t',  x ')  (2) 

-  00  -  GO 

where  5  is  Dyrak’s  function  ,  e  is  a  dielectric  permittivity,  and  v=  V'r 

/Ve 


velocity  in  considered  media  . 

PROBLEMS  SOLUTIONS  AND  THEIR  ANAI.YSIS 

1)  The  former  problem  is  solved  by  reducing  the  integral  equation  (2)  to  a 
partial  differential  equation  for  the  field  E(t-x/v,x)at  the  shifted  time  moments. 
After  some  manipulations  it  is  reduced  to  a  first-order  partial  differential  equation 
which  can  be  solved. 

2)  The  problem  for  the  conductivity  splash  is  solved  by  resolvent  techniques 
[6].  When  the  incident  field  is  a  plane  harmonic  wave  the  following  exact  solution  for 
the  transformed  field  is  obtained: 


(D 

cos — x  + 

V 


CO 

sin  — 
V  V 


x  +  (l  /c-a- Ac)*cos^xj  * 
o(t)=a„<p(t). 


(3) 
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Its  asymptotic  and  numerical  analysis  shows  that  when  the  splash  is  large,  the 
incident  field  amplitude  reduces  very  quickly  and  before  the  conductivity  starts 
decreasing  it  already  is  equal  to  zero.  In  this  case  the  field  completely  disappears 
during  the  conductivity  splash  and  does  not  appear  after  the  conductivity  becomes  zero 


In  the  opposite  case  of  a  small  time-splash  of  conductivity,  the  field  is 
decreasing  before  the  conductivity  reaches  its  maximum  value  and  incr^sing  after  this. 
When  the  conductivity  has  completely  disappeared  the  field  takes  its  initial  form. 

In  the  intermediate  case,  the  field  was  calculated  by  the  exact  formula  for 
different  values  of  x.  The  field  time  dependence  here  has  a  very  short  splash.  Its 
maximum  value  is  more  then  4  times  as  much  as  the  initial  field  amplitude.  It  reduces 
to  the  initial  value  before  the  conductivity  reaches  its  maximum.  These  results  are  for 
X  =  0,  that  is  for  the  points  where  the  initial  field  had  its  maximum  at  the  zero  time 
moment.  For  x  =  n  /  2  the  field  time  dependence  shape  seems  to  have  the  same  form, 
but  the  field  values  here  are  hundred  times  less  and  do  not  reach  the  values  of  imtial 
field  at  the  corresponding  moments  for  constant  conductivity.  For  x  =  7t  /  4,  the  field 
splash  having  the  same  form  as  two  ones  mentioned  above,  is  about  one  and  a  half 


times  less  than  for  x  =  0 .  .  •  •  • 

Thus  the  field  under  the  influence  of  intermediate  time-splash  of  conductivity  is 

focused  in  the  planes  where  x  is  divisible  by  it  that  is  where  the  initial  field  was 

maximal  at  the  moment  the  nonstationarity  turns  on. 

The  opposite  situation  take 


place  in  the  case  of  large 
conductivity  splash 

(Fig.3).The  field  is  focusing 
here  in  the  planes  where  x 
is  divisible  by  it  /  2,  that  is 
where  the  initial  field  at 
zero  moment  was  equal  to 
zero.  It  can  be  due  that  at 
the  planes  where  the  initial 
field  was  maximal  it  had 
time  to  disappeared  before 
the  conductivity  began  to 
reduce. 
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TRANSIENT  ELECTROMAGNETIC  FIELD  IN  A  DISSIPATIVE 
MEDIUM  WITH  RECTANGULAR  PULSE  MODULATED 

PARAMETERS 


O.  Rybin,  A.  Nerukh 


Kharkov  Technical  University  of  Radio  Electronics,  14,  Lenin  av.,  Kharkov,  310726,  Ukraine 


A  plane  electromagnetic  wave  transformation  by  a  series  of  repetitive  variations  of  infinite 
medium  parameters  is  considered.  This  variation  is  a  modulation  of  both  the  permittivity  and 
the  conductivity  with  a  rectangular-pulse  law.  Expressions,  which  characterise  the  electric  field 
evolutionary  with  time,  are  derived.  The  time  dependences  of  both  the  permittivity  £(0  and 

the  conductivity  a(0  of  the  medium  are  assumed  as: 


8(0  =  so  +  (ei  -  8o)  Z  {e(t  -  (A  - 1)7)  -  e(r  -  XI  -  (*  - 1)7)}, 
k=\ 


(1) 


N 


—  V  fact  —  /Ir  —  —  -(k  —  ViT^y 

—  l-V'  V"  */*/  “V  '  ■'  'f’ 

k=l 


As  it  follows  fi-om  (1),  a  periodicity  of  the  permittivity  and  the  conductivity  variations  is  t2 


During  one  part  of  this  period,  of  the  duration  xi :  s(0  =  8i,  a(0  =  <^1,  during  the  other  part: 
s(0  =  eo,  <5(0  =  0,  that  is  at  these  ones  they  have  the  same  magnitudes  as  for  r  <  0 . 

To  solve  this  problem  an  evolutionary  approach  [1]  based  on  the  integral  equations  method 
is  used.  To  this  end,  the  time  half-axis  is  decomposed  to  the  time  intervals  where  the  medium 
parameters  are  constant.  The  expressions  for  the  electric  field  are 

-  F„(/,x)+  \dt'  ]dx' 


tn-l 

F„it,x)  =  EQ{t,x)  +  \^  Ki(t,t',x,x')Ei(t',x'). 

/=1  -00 


(2) 


Here, 

R{t,t',x,x')-=- 


,2  (x-x'Y 


Vo 


K{t,f,x,x') 


(/•  -\)T<t<xi  +  {i  - 1)7’,  and  R{t,t'  ,x,x' )  =  0  =  K{t,t'  ,x,x' ) _ in 

x\  +  (f-\)T <t  <iT,  i=\,...,N .  In  these  formulas:  a  =  ^sq/si  , 


the  intervals 
the  intervals 

ai  =  2710  i/si , 


vi  =  Re  -  01^  >  0. 

Let  us  consider  an  initial  field  in  the  form  Eo(t,x)  =  e‘^^^'^K  where  k  =  cifvo.  We 
introduce  the  coefiBcients,  which  do  not  depend  on  the  period  number 
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^  2,,  /(1±«)±» 

s  =  oi/o , «  =  =  <otl.  <2  =  «>7’>  /  =  («-<"''’'-“''/29){2« +'(' 

A  =  /e-(*-'»-'!’  liiMls-IO  -  a^)jsin(«Ti). 

Using  the  mathematieal  induction  method  we  derive  the  expressions  for  an  electric  field  at 
the  arbitrary  period: 

Ei,t,x)  =  +g+e-‘lt2y^lte’(-^-kx)  + 

^Ks+iq)t2ye^lt2  +  g-e->lnyoVe-ii^+^\ 
forsubintervals(/-l)r<f<'fl  +  (^-l)^ 

for  subintervals  xi  +  {l-l)T  <t  <IT,  1^2.  Here,  a/ =  V  t 
satisfy  the  recursion  relations 


(3) 


(4) 


bi  =  Bie~'^^,  and  aiM 


iak+i)  I  /  -«  K^fel  (5) 

Ufc+iJ  , 

At  the  first  interval  (0  <  ?  <  ti):  ai  =  ^  ^  ^ 

For  an  analysis  of  behaviour  of  direct  and  inverse  wave  amplitudes  at  the  end  of  any  penod 
one  hlsT^Lder  the  relations  a„M  and  k.^/k .  These  relations  am  detemnned  by  the 

equations: 


Cl’  bi 

where  Ci  =  a//fy  satisfy  the  recursion  relations 


(6) 


(7) 


.  -h*^JCi 

The  analysis  shows  that  |C,|  >  1  as  |Cil  >  1 ,  that  is  an  ahsolute  value  of  the  dnect  wave 
amplitude  At  is  greater  than  the  absolute  value  of  the  inverse  wave  ampbtude  Bt-  The 
analysis  also  shows  that  the  coefficient  C;  can  be  presented  in  the  form 

C,  =  Q+ix,. 

Real  variable  X/  satisfies  the  recursion  relation 


(8) 


X/+i  = 


4«^ 


(9) 


4m2-X/’ 


where  u  =  cos(^ri)cos(r2  -  ^l) — ^sin(^^l)sin(/2  -  ^i)  • 
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Xi  is  a  function  of  the  period  number,  for  the  parameters  a  =  1,25,  s  =  0,06,  /2  =  16,  is 
shown  in  Figs.  1  and  2.  These  figures  illustrate  that  variation  of  Xi  and  the  amplitudes  of  the 
direct  and  inverse  waves  can  be  periodical  (Fig.  1,  ^i=7)  as  well  as  monotonous  (Fig.  2, 
ri  =  i2). 


Fig.  1.  a  =  1,25, 5  =  0,06,  t2  =  16,  ti  =  7 


Fig.  2.  a  =  1,25, 5  =  0,06,  t2  =  16,  ti  =  12 

1.  A.G.  Nerukh,  N.A.  Khizhnyak,  Modem  Problems  of  Nonstationaiy  Macroscopic 
Electromagnetics,  Kharkov,  Test-Radio  Publ.,  1991,  (in  Russian). 
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OPTIMUM  DESIGN  OF  RADAR  PULSES  FOR  STEALTH  TARGETS 

(TIME  DOMAIN  APPROACH) 

Ahmad  Cheldavi 

Iran  University  of  Science  and  Technology 
Narmak,  Tehran,  Iran,  16844, 
fax;  98-21-7454055,  e-mail:  cheldavi@ece.ut.ac.ir 

In  this  paper,  principles  of  optimum  design  method  of  radar  nonsinusoidal  pulses  for 
stealth  targets  will  be  presented.  To  extract  the  principles  of  the  method,  first  we  have  to 
obtain  a  time-domain  performance  of  the  special  a^rber,  which  is  used  on  the  target. 

Using  the  results  of  this  time-domain  approach,  we  can  design  an  optimum  pulse  figure 
to  maximize  the  reflected  wave  energy  from  the  surface  of  the  stealth  target.  This  optimum 

pulse  figure  is  not  necessary  unique.  .  j  u 

In  this  paper  we  use  a  single-layer  model  of  absorbing  material,  but  this  method  can  be 

generalized  for  multiple-layer  absorbing  materials.  •  •  u  !,• 

Also  we  suppose  there  is  only  some  attenuation  during  pulse  propagation  in  absorbing 
material  (there  is  no  dispersion).  Results  of  the  time-domain  analysis  of  such  an  absorbing 
layer  over  metal  backing  plate,  using  the  transmission  line  model  in  [2]  can  be  found  in  [1]. 
Results  of  [1]  can  be  specialized  for  single-layer  absorbing  material;  the  main  problem,  which 
is  the  transmission  line  model,  was  exactly  and  completely  solved  in  [2] . 

Then  we  show,  for  the  same  absorbing  material  structure  and  the  same  reflected  energy 
with  [3],  one  can  use  nonsinusoidal  radar  pulses  with  larger  time-width  (narrow-band  pulses). 
So,  it  is’ necessary  for  time-width  of  the  pulse  to  be  less  than  propagation  delay  time  in  the 

absorbing  material  (as  it  was  stated  in  [3]).  . 

Finally,  some  optimum  nonsinusoidal  radar  pulses  presented  for  some  special 
applications  of  stealth  targets. 
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TRAPPING  OF  AN  ELECTROMAGNETIC  WAVE  BY  THE 
BOUNDARY  OF  A  SUDDENLY  CREATED  PLASMA  HALF-SPACE 

M.I.  Bakunov  and  S.N.  Zhukov 

University  of  Nizhny  Novgorod,  603600,  Nizhny  Novgorod,  Russia 

The  study  of  the  interaction  between  electromagnetic  waves  and  bounded  plasmas 
with  fast  growing  density  is  of  considerable  interest  due  to  its  potential  applications  in  genera¬ 
tion  of  tunable  microwave  radiation.  Fante  [1]  was  the  first  who  discussed  some  peculiarities 
of  reflection  of  electromagnetic  signals  from  the  plane  boundary  of  time-varying  plasma.  Later, 
Kalluri  [2]  presented  complete  analysis  including  both  steady-state  solution  and  transient  proc¬ 
esses  in  the  case  of  the  reflection  of  a  time-harmonic  electromagnetic  wave  by  a  suddenly  cre¬ 
ated  (switched)  plasma  half-space.  Kalluri  and  Goteti  [3]  brought  the  solved  problem  closer  to 
the  practical  situation  by  considering  the  switched  plasma  slab.  Finally,  the  effects  of  a  mag¬ 
netized  plasma  were  examined  by  Kalluri  [4]. 

In  all  of  the  above  papers,  however,  only  the  degenerate  case  of  normal  incidence  of 
electromagnetic  wave  on  the  boundary  of  time-varying  plasma  was  treated.  In  this  paper,  we 
examine  the  case  when  the  boundary  of  plasma  half-space  whose  density  insiaiuaiieously  giows 
in  time  from  one  value  to  another  is  perpendicular  to  the  plane  wave  front.  The  distinguishing 
feature  of  this  case  is  the  possibility  of  creation  of  surface  waves  guided  by  the  plasma  bound¬ 
ary.  In  other  words,  the  part  of  the  original  wave  energy  may  be  trapped  by  the  boundary  of 
time-varying  plasma  via  transformation  into  surface  waves. 

Initially,  when  t  <  0,  a  plane  TM-polarized  electromagnetic  wave  of  frequency  Oo  with  fields 

Ey(x,t)  =  Bz(x,t),  Bz(x,t)  =  BoexpfifOot  -  ihox)  (ho  =  fflo/c)  (1) 

propagates  in  unionized  medium  (gas)  with  dielectric  permittivity  £  »  1  along  the  x-axis.  Then, 

at  t  =  0,  the  plasma  half-space  y  <  0  is  instantly 
I  ionized  due  to  effect  of  an  external  ionizing  factor 

1  - - - - -  and  the  cold  collisionless  plasma  with  density  N  is 

created.  The  conversion  of  the  wave  fields  on  this 
spatial-temporal  inhomogeneity  of  the  medium  is 
described  by  Maxwell’s  equations  and  equation  for 
electron  motion.  By  applying  Laplace  transforma¬ 
tion  to  these  equations  and  eliminating  the  Laplace 
transforms  of  the  components  of  electric  field  and 
velocities,  we  arrive  at  the  equation  for  the 
Laplace  transform  of  the  magnetic  field  [5].  It  is 
solved  in  the  regions  of  the  medium  homogeneity 
and  solutions  are  matched  at  the  boundary  y  =  0. 
Inverse  Laplace  transformation  defines  both 
Fig.  1.  The  frequency  conversion  coefficient  g^eady-state  solutions  (surface  waves  and  free- 
»/<».  vs  the  parameter  N/N,  (N.  -mm.  /4™  outgoing  radiation, 

is  eiitiral  plasma  density  for  the  otigitial  wave).  ftequen,^  down-shifted  surface  waves 

propagating  along  the  plasma  boundary  in  the  opposite  directions  are  shown  to  be  excited. 
Their  fi-equencies  are  given  by 
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(see  Fig.  1)  where  ©p  =  ■^47ie^N/m  is  plasma  frequency  and  amplitudes  are 

/  \ 


B±  =  B, 

(see  Fig.  2).  The  limit  B+/Bo  ^  2  at  N  - 
Bt/Bo 


(3) 


>  00  seems  to  be  in  contradiction  with  the  law  of  en¬ 
ergy  conservation.  To  explain  the  situation  calcula¬ 
tions  for  original  wave  beam  of  the  form 

sin(y/  a) 
y/a 

with  hoa  »1  have  been  done  In  this  case  we  arrive 
at  the  expression 


Bz(x,y,0)  =  Bo 


-exp(-ihox)  (4) 


B. 


i  (5) 

"  '  TT  y 


2©, 


.4  ^4 

'©„+-©p 


with  parameter  y  =  hoa-^2(l-©s/©o)  ^nd  ©o  cho 
(dashed  curves  at  Fig.  2).  Thus,  B+/Bo  grows  only 

^  ^  .  T-i  /  i\  while  the  refiion  of  surface  wave  localization  near 

Fig  2  The  amplitude  coefficient  B+/Bo  (curve  1)  wmie  me  region  ui  nrimnnl 

and  BJBo  (curve  2)  vs  parameter  N/No  for  original  the  boundary  is  less  than  the  width  of  the  ongina 

plane  wave.  The  dashed  curves  show  the  coeffi-  beam.  For  greater  N/Nc  the  amplitude  coemcient 

dent  B+/Bo  for  the  original  wave  beam  with  hoa  =  g^/Bo  decreases. 

10  (curve  3)  and  hoa  =5  (curve  4).  Yhe  free-streaming  mode  is  excited  within 

the  plasma  half-space  and  consists  of  static  magnetic  field 

.2  r  ri 

-V®o 


B;*(x,y)  = 


©, 


©0  +©p 


B^(x,y,0)-Boexp 


+  ©p  -ihox 


y<o, 


(6) 


and  spatial  distribution  of  dc  electric  current  j^(x,y)  =  (c/4;i)rotB'' . 

To  investigate  the  angular  distribution  of  transient  outgoing  radiation  we  use  the  tech¬ 
nique  proposed  in  [6].  Spatial  density  of  electromagnetic  field  energy  is  integrated  over  y  in  the 
limit  t  00  and  angular  densities  of  radiated  energy  in  vacuum  (wi(0))  and  m  the  plasma 
(wnO))  are  obtained  (Fig.  3;  angle  9  is  measured  from  the  normal  to  the  bound^  both  in  vac¬ 
uum  and  in  the  plasma,  -%/2  <  0  <  %I2, 0  =  tz/2  coincides  with  x-direction^  In  the  ideal  case  of 
original  plane  wave  it  is  not  possible  to  estimate  energy  effectiveness  of  the  wave  trapping^ 
Therefore  we  have  analyzed  energy  relations  for  the  wave  beam  (4).  Energy  Wo  =  Bpa/S  of 
the  original  beam  transforms  into  the  surface  wave  energies 

cBl  (l-s,)(l  +  s^) 


W.  = 


16ii©, 


(7) 


where  s,  =  l-©p/©s ,  the  radiated  energies 

Wi,n=  j*Wi.n(0)d0, 

and  energy  of  the  free-streaming  wave 


n/2 


-nil 


(8) 
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Fig.  3.  Angular  densities  of  radiated  energy  into  vacuum 
wi(e)  and  plasma  wn(0)  at  N/Nc  =  0.5  (solid  curves)  and 


B^a  © 

32  oj  +©^ 


(9) 


Fig.  4  shows  the  energy  distribution  in  de¬ 
pendence  on  the  created  plasma  density  for 
the  original  beam  with  hoa  =  20.  Transfor¬ 
mation  into  the  backward  surface  wave  is 
negligible:  (W./Wo)^ « 7-10-^  at 

N/Ne  « 1 ,  whereas  more  than  40%  of  the 
original  wave  energy  may  be  converted  into 
the  forward  surface  wave.  Maximum  of  the 
transformation  effectiveness  is  achieved  at 
N/Nc  ~  (hoa)^  when  the  scale  of  the  forward 
surface  wave  localization  in  vacuum 


(l/ho)-y/N/Nc  coincides  in  order  of  magni- 


N/No  =  4  (dashed  curves).  All  curves  are  normalized  by  ^^h  the  width  of  original  beam. 


cBo  / 1671^0  (, . 


Interestingly,  trapping  of  an  electro 


Fig.  4.  Energy  coefficients  W4yWo  (1),  Wst/Wo  (2) 
and  W/Wo  (3)  vs  parameter  N/Nc  for  the  original 
beam  with  hoa  =  20. 


magnetic  wave  is  accompanied  by  the  concentra¬ 
tion  of  electromagnetic  ener^  near  the  created 
plasma  boundary,  in  other  words,  in  a  course  of 
transient  processes  energy  is  leaking  to  the  cre¬ 
ated  boundary.  The  most  perspective  application 
of  the  phenomenon  of  wave  trapping  is  the  de¬ 
velopment  of  new  methods  for  input  of  electro¬ 
magnetic  radiation  into  planar  waveguiding 
structures  filled  with  solid-state  (semiconductor) 
plasma.  Nonstationarity  of  a  semiconducting 
medium  can  be  provided  by  various  mechanisms: 
carrier  injection,  photoionization  by  laser  pulse, 
«switching»  of  effective  mass  etc.  As  the 
achieved  up  to  now  time-scales  of  nonstationarity 
lie  within  picoseconds,  these  mechanisms  can  be 
used  for  transient  input  of  submillimeter  and 
infrared  radiation. 
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Development  of  physics  and  technology  of  ultrawideband  radiation  during  last  time  allowed  to  radiate  into  space 
electromagnetic  pulses  with  a  nanosecond  duration  and  power  up  to  1  GW  [1,  2].  So,  application  of  such 
impulses  for  radar  of  both  air  and  underground  objects  becomes  to  be  promising.  When  a  received  signal  is  a 
finite  set  of  digital  data,  a  number  of  problems  concerning  the  determination  of  properties  of  sounding  objects 
appears. 

In  the  conditions  of  full  information  (input  and  output  signals  are  known  at  all  temporal  axis)  the  task  to  find 
impulse  responses  (IR)  is  solved  easily  on  the  basis  of  Fourier  transformation.  Actually,  the  coupling  between 
the  input  signal  X{t) ,  output  signal  Y{t)  and  IR  h{r)  is  determined  by  the  integral  relation 

Y{t)  =  ]h{T)X{t-r)dT  (1) 

0 

In  the  general  case,  IR  h{r)  is  a  linear  operator.  Making  Fourier  transformations  over  the  left-handed  and  right- 
handed  parts  of  the  expression  (1),  it  is  easy  to  obtain 

h{a))^Y{co)IX{co), 

where  X{o)),  Y(co)  and  h(o})  are  Fourier  images  of  corresponding  functions. 


A  transition  fi-om  continuous  signals  to  the  discretized  ones  will  entail  a  series  of  difficulties  having  a  principal 
character.  The  main  of  them  are  as  follows:  violation  of  a  causality  principle  resulting  in  arising  of  presignals, 
appearance  of  spurious  side  lobes  and  zeros  in  spectral  evaluations,  fmiteness  of  a  fi*equency  band,  absence  of  a 
sole  solution  both  at  the  evaluation  of  radiated  and  received  signal  spectra  and  at  the  evaluation  of  impulse 
responses.  By  taking  into  account  these  factors  one  can  essentially  increase  the  evaluation  accuracy  of  impulse 
responses. 


A  complex  spectrum  (CS)  ofX{a))  is  determined  in  the  form  of  a  linear  model  relative  to  an  unknown  M- 
measured  vector  F: 

x(®)  =  Fr(ffl), 

where  *  is  the  complex  conjugation.  To  this  CS  corresponds  a  model  N-measured  vector 

X  =  -^\x{a)e(a)dco  =  m 

Here  and  later  ©  is  a  dimensionless  fi*equency.  For  substantial  signals,  the  elements  of  matrix  E  are  determined 
according  to  the  expression 

=-}-  -  -  sin(;r(r„  -tJ/T) . 

~in) 


Vector  F  is  determined  by  the  expression 


F  =  XE'^ 

where  E‘^  is  a  pseudoreciprocal  matrix  with  respect  to  E. 


A  condition  h{T)  =  0  at  r  <  0  satisfies  the  causality  principle.  Besides,  in  the  paper  presented,  the  cases  are 

A  A 

considered  when  the  input  and  output  signals  satisfy  the  same  condition.  Model  signals  Z(/) ,  Y{t)  and  IR  made 
on  the  basis  of  Fourier  transformation  by  the  limited  fi-equency  band  will  not  satisfy  such  condition,  i.e.  they  will 
have  presignals.  At  least  two  ways  of  struggle  with  prepulses  can  be  suggested: 

a)  At  an  invariable  frequency  band  of  a  signal  determined  by  the  frequency  of  its  disretization,  the  detail  of  the 
spectrum  describing  by  increasing  the  dimension  of  vector  F  is  increased.  The  following  expression  is  suggested 
to  be  used  as  a  functional  and  its  minimization  allows  to  evaluate  the  value  of  the  components  of  vector  F: 
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IfJ 

-m 


dt  + 


X-X 


b)  Expansion  of  a  frequency  band  up  to  the  interval  (0,  oo)  is  a  radical  means  of  suppression  the  prepulses.  In  this 

case  the  integral  Fourier  transformation  is  used  for  a  model  function  X(t)  and  Fourier  coefficients  can  be  found 
by  means  of  Kotelnikov  interpolation  or  Lagrange  interpolation.  The  latter  is  more  convenient  for  practical 
application  as  it  provides  more  rapid  decrease  mth  the  frequency  rise  of  absolute  values  of  Fourier  coefficient, 
besides  the  expressions  for  them  are  less  unwieldy. 


Evaluation  of  IR  is  possible  in  the  time  domain  as  well.  In  this  case,  convolution  integral  (1)  at  interpolation  of 
integrands  is  transformed  into  the  following  vector  relation: 

Y  =  H-D(X).  (2) 

The  unknown  quantity  in  the  expression  (2)  is  the  IR  vector  H.  The  dimensions  of  the  vectors  and  a  matrix  in  (2) 
are  limited  by  the  relations: 

dim  Y  +  dim  H  +dim  X,  dim  D  =  dim  Y  •  dim  H. 

So,  solving  of  the  equation  (2)  is  finding  of  a  pseudoreciprocal  matrix  D'\  In  the  given  paper,  this  matrix  was 
found  by  means  of  a  specially  developed  procedure  of  conjugation  of  rectangular  matrixes  based  on  the  method 
of  Gram-Schmidt  orthogonalization. 


In  the  general  case,  when  impulse  response  looks  like 


-  u  r^\  .  L 


(3) 


dr 


the  members  corresponding  to  the  differentiation  operators  will  appear  in  the  right-handed  part  of  the  expression 

(2): 

Y-H,  •D(X)  +  H,-D(X)  +  ...  (4) 


To  fmd  the  kind  of  elements  of  matrixes  ,  A:  >  0 ,  the  interpolation  expressions  corresponding  to  a  k- 
derivative  should  be  used.  When  testing  the  IR  evaluation,  the  level  of  influence  of  the  output  signal  Y  additive 
noise  on  the  accuracy  of  IR  recovery  at  the  known  input  signal  X  was  investigated.  The  most  simple  situation 
was  investigated  when  in  the  expression  (3)  one  member  dominates  for  IR.  In  this  case  the  expression  (4)  comes 
to  the  form  (2)  where  either  vector  X  (if  h^{T)  is  dominating  for  h{T))  or  the  input  signal  derivative 
corresponding  to  the  dominating  member. 


The  modeling  process  consisted  of  the  followings  operations.  A  noise-free  vector  Y  was  calculated  by  the  known 
initial  vectors  X  and  H  on  the  basis  of  (2).  Then  an  white  Gaussian  noise  was  added  to  the  signal  Y.  Evaluation 
of  vector  H  components  for  the  obtained  signal  was  made  by  three  different  methods: 
by  solving  an  overdetermined  system  of  linear  equations  -  variant  (a); 

on  the  basis  of  Fourier  transformations  when  the  spectra  of  the  signals  X  and  Y  were  evaluated  on  the 
basis  of  Lagrange  interpolation  -  variant  (b); 

on  the  basis  of  a  traditional  finite  Fourier  transformation  -  variant  (c). 

To  describe  the  noise  immunity  of  the  IR  evaluation  algorithm,  coefficients  and  determined  by  the 
expressions 


,  <I(5hs  <i^r> 


were  used,  where  >  and  <|<yv|^  >  are  root-mean-square  deviations  of  vectors  H  and  Y.  Side  by  side 


with  the  coefficient  ,  a  coefficient 


was  evaluated. 


<H,  >=log, 


<H>-H 

~w~ 
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Approbation  of  the  algorithms  was  made  at  two  model  signals  X{t) :  smooth  (Fig.  1)  and  noise-like  (Fig.  2).  A 

model  of  a  IR  under  recovering  is 
presented  in  Fig.  1  and  Fig.  2  by  a 
dashed  line.  Fig.  1  and  Fig.  2 
present  the  dependencies  and 
<  //^  >  on  the  coefficient  . 

Designations  of  the  curves  in 
letters  correspond  to  the  algorithm 
variants  by  which  IR  were 
estimated.  Brackets  <  >  indicate 
that  the  curve  corresponds  to  the 
averaged  coefficient  <//,,>  for 
64  realizations. 


The  investigations  that  have  been 
carried  out  allowed  to  make  the 
following  conclusions. 

•  The  choice  of  method  of  IR 
evaluation  should  be  made  taking 
into  account  the  output  signal  noise 


preference  should  be  given  to 
solving  the  system  of  linear 
equations  in  the  time  domain 
basis.  At  a  high  noise  level  it  is 
recommended  to  use  spectral 
methods  of  IR  recovering. 

•  Averaging  of  IR  evaluations 
obtained  by  the  time  domain 
algorithm  allov/s  to  increase  their 
accuracy  by  the  value  proportional 
to  the  sample  volume  in  the  whole 
investigated  range  of  the  output 
signal  noises.  Spectral  algorithms 
have  saturation  by  the  accuracy  of 
IR  evaluations  at  the  sample 
volume  increase. 

•  The  highest  noise  immunity  at 
the  impulse  response  evaluation 
have  the  systems  with  noise-like 
signals  at  the  input  for  which  it  is 


recommended  to  use  a  time  domain  algorithm. 
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ABSTRACT 

An  approximate  solution  to  the  problem  of  reflection  of  restricted  in  space  transient 
electromagnetic  field  from  layered  lossy  dielectric  halfspace  is  described.  According  to 
the  results  obtained  an  algorithm  of  determination  of  dispersion  and  angular  charac¬ 
teristics  of  dielectric  material  using  the  space-time  distributions  of  the  reflected  field 

1 _ 1 _ J _ 

UdS  UCCli  uciivou. 


INTRODUCTION 

Employment  of  non-sinusoidal  signals  for  determination  of  dielectric  material  char¬ 
acteristics  gives  one  essential  advantages  as  compared  to  use  of  contineous  time-harmo¬ 
nic  signals.  These  are  a  high  information  capacity  of  each  measurement,  an  opportunity 
to  obtain  the  dispersion  and  angular  dependencies  of  the  material  investigated  in  short 
time,  a  high  measurement  accuracy  in  the  free  space  without  an  unechoic  chamber 
employment  due  to  a  possibility  to  resolve  the  signals  from  various  scatterers  by  em¬ 
ploying  "time  window”. 

SOLUTION  TO  THE  PROBLEM 

Pulse  method  of  the  measurement  of  dielectric  material  characteristics  is  based 
on  comparison  of  the  pulse  signal  reflected  from  the  investigated  material  with  the 
one  reflected  from  perfectly  conducting  (metal)  surface  and  followed  by  the  obtained 
data  processing  usually  with  the  help  of  the  Fourier  transform.  To  interpret  correctly 
the  results  of  experimental  measurements  the  solution  of  transient  electromagnetic 
waves  reflection  from  stratified  dielectric  medium  have  to  be  used.  In  the  report,  an 
approximate  solution  of  the  problem  of  restricted  both  in  space  and  time  transient  field 
reflection  from  lossy  stratified  medium  is  presented. 

The  structure  under  investigation  consists  of  a  plane  dielectric  slab  of  thickness 
d,  permittivity  and  conductivity  cti  on  a  dielectric  halfspace  of  permittivity  and 
conductivity  (Fig.  1).  A  rectangular  aperture  antenna  uniformly  excited  with 
linearly  polarized  pulsed  field  is  situated  at  a  distance  z  from  the  structure.  Pulsed 
wave  beam  radiated  by  the  antenna  is  incident  upon  the  structure  under  an  angle  a^. 
It  is  assumed  that  an  observation  point  is  situated  in  far-field  zone  which  is  determined 
as  r  >  L\  J‘2cT  (T  is  a  pulse  duration,  Lx,Ly  are  the  antenna  dimensions,  c  is  speed 
of  light  in  free  space).  It  is  also  assumed  that  the  incident  and  reflected  pulses  can  be 
well  separated  in  time  (for  instance,  by  using  ’’time  window”),  and  only  the  reflected 
field  will  be  considered  in  following  analysis. 
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Fig.  1.  Geometry  of  the  problem. 

in  the  far  zone  by  the  stationary 

stratified  halfspace  can  be  written  as  follows 


Solution  of  the  problem  is  based  on 
expansion  of  the  incident  transient  field 
over  time-harmonic  plane  waves  using 
the  integral  Fourier  transform.  Spatial 
spectrum  of  the  field  reflected  from  the 
layered  dielectric  halfspace  is  found  by 
employing  known  plane-wave  reflection 
coefficient  for  the  such  medium.  An 
integral  obtained  over  wavenumbers  is 
phase  method.  The  field  reflected  from 
[1]: 


i!7r(r,0o,¥’O)<)  = -3^e4— COS0O  /  R{uj,ao,0o,ipQ)U{u),6o,^o)^  ^  duji  (1) 

TC  vO 

where  r  6>o,  </?o  are  coordinates  of  the  observation  point  in  a  coordinate  frame  Xr,  Fr,  Zr 
associated  with  the  reflected  field,  i2(a;,ao,^o,<^o)  is  a  reflection  coefficient  for  time- 
harmonic  plane  wave  of  frequency  u;  which  is  incident  upon  the  investigated  structure 
under  an  angle  oo,  r  =  f  -  r/c  is  a  retarded  time,  and  U{lo,9o,^o)  is  a  Fourier 

counterpart  of  the  incident  field.  ro  ■  ^  d 

In  a  plane  of  incidence  ifo  =  0  and  R  =  R{u,  ao  +  ^o).  The  reflection  coefficient  i? 
of  the  investigated  structure  for  linearly  polarized  tirae-harmonic  plane  wave  can  be 
written  for  the  cases  of  s  and  p  polarization  in  the  form,  respectively  [2]: 


sin(7i d) (7^  -  7n72)  +  i  cos(7id)(7i72  -  7o7i)  _ 

RsW  -  -  7072)  -k  icos(7id)(-7i72  -  7o7i)’ 

sin(7id)(7j  —  7072^1/^2)  ffi  i  cos(7id)(7i72£i/£2  ~  7o7i^i)  _  . 
^  sin(7id)(-7?  -  7o^ei/£2)  +  i  cos(7id)(-7i72£i/£2  -  7o7ffii)  ’ 


(2) 


(3) 


where  ijr  is  an  angle  of  incidence,  70  —  ko  cos  i/j,  71  —  siiT^,  72  ko^2  sin  i/>, 

ko  =  (u/c  is  a  wavenumber  in  free  space,  £1  =  6\  —  iaijeoio,  £2  —  £2  ~ 

£0  =  8.85  •  10-1"  Yjxa.  ,  n  .  j  .  m  • 

Substituting  (2)  or  (3)  into  (1)  one  obtains  an  expression  for  the  reflected  field  in 

the  integral  form.  Solution  to  the  problem  could  not  be  derived  in  an  explicit  form 
because  of  complicate  dependence  of  the  reflection  coefficients  Rs  and  Rp  on  frequency. 
To  calculate  the  integral  an  algorithm  of  the  Fast  Fourier  Transform  had  been  used. 


NUMERICAL  RESULTS 

The  results  of  numerical  calculation  of  the  reflected  field  for  various  observation 
angles  a  =  0o  +  ao  are  presented  in  Fig.  2.  In  Fig.  2a  presented  the  field  reflected  from 
perfectly  conducting  halfspace  for  comparison  with  the  case  s-polarized  field  reflecte 
from  a  dielectric  slab  (Fig.  2b).  The  time  dependence  of  the  excitation  field  was  chosen 
to  be  a  first  derivative  of  gaussian  function,  =  Ly  =  0.2m,  T  -  0.66  •  10  s,  r  -  10m, 
ao  =  40°,  d  =  0.2m,  £2  =  4,  £3  =  1,  ^^2  =  <73  =  0.  For  the  chosen  ratio  between  the 
pulse  duration  and  the  aperture  dimension  {cT/L.,y  =  1)  the  radiated  pulsed  wave 
beam  is  found  to  be  strongly  diverges. 
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Fig.  2.  Time  and  angular  dependencies  of  the  field  reflected  from  metal  surface  (a) 
and  dielectric  slab  (b)  and  angular  dependency  of  the  reflection  coefficient  (c). 

This  phenomena  is  illustrated  in  Fig.  2a  in  which  one  can  see  that  for  the  observation 
angles  a  =  0'^  and  80“  magnitude  of  the  pulse  is  reduced  twice  as  much  compared  to 
the  main  direction  a  =  40°.  It  can  be  used  for  obtaining  both  frequency  and  angular 
dependencies  of  the  reflection  coefficient  of  the  investigated  material  during  a  single 
measurement.  For  this  one  have  to  measure  the  time  dependencies  of  the  field  reflected 
from  the  investigated  material  for  the  various  observation  angles  (like  those  represented 
in  Fig.  2b).  Then  dividing  the  frequency  spectrum  of  the  measured  reflected  signal  by 
the  frequency  spectrum  of  the  signal  reflected  from  metal  surface  one  will  obtain  the 
frequency  and  angular  dependencies  of  the  reflection  coefficient  (Fig.  2c).  The  method 
proposed  is  convenient  for  the  investigation  of  absorbing  materials  and  covers  and  for 
the  investigation  of  the  objects  with  vast  varying  in  time  characteristics  as  well. 

CONCLUSION 

To  determine  dielectric  material  characteristics  and  to  model  a  measurement  pro¬ 
cess  the  problem  of  restricted  in  space  transient  electromagnetic  field  reflection  from 
layered  lossy  dielectric  halfspace  has  been  solved.  Numerical  calculation  of  the  measure¬ 
ment  process  allows  us  to  propose  some  improvements  concerning  the  measurements 
of  dielectric  material  characteristics. 
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Modeling  studies  of  nonlinear  interaction  of  non-stationary  high-power  elec¬ 
tromagnetic  waves  with  the  ionospheric  plasma 

Konstantin  P.  Garmash 

Department  of  Space  Radio  Physics,  Kharkiv  State  University, 

4  Svoboda  Square,  Kharkiv  310077,  Ukraine 
E-mail:  Konstantin.  P.  Garmash@,univer. kharkov. ua 

The  initial  set  of  equations,  algorithms  for  their  solution,  computer 
programs,  and  the  results  of  numerical  simulations  of  nonlinear  interaction 
of  non-stationary  high-power  electromagnetic  radiation  with  plasma  in  the 
ionosphere  are  presented. 

The  initial  set  of  relations  consists  of  the  transfer  equation  m  ampli¬ 
tude  of  an  electromagnetic  wave  in  the  approximation  of  nonlinear  non- 
stationary  geometric  optics,  the  set  of  balance  equations  in  the  electron 
temperature  and  in  the  electron  number  density,  as  well  as  in  the  number 
density  of  positive  and  negative  ions.  Attachment  and  recombination  proc¬ 
esses  are  taken  into  account. 

The  transfer  of  heat  and  particles  in  the  transverse  direction  is  ne¬ 
glected.  The  conditions  for  the  breakdown  of  the  atmosphere  by  electro¬ 
magnetic  radiation  are  indicated. 

A  model  of  the  medium  in  an  altitude  range  of  50-300  km  for  daytime 
and  nighttime  conditions  is  presented  in  a  tabular  form.  The  parameters  of 
the  medium  are  assumed  to  change  only  with  height. 

Simulations  for  a  broad  band  of  frequencies  (1-1000  MHz)  and  effec¬ 
tive  powers  (103-109  MW)  for  both  the  ordinary  and  extraordinary  compo¬ 
nents  of  the  electromagnetic  wave  are  performed. 

The  results  of  numerical  simulations  of  perturbations  in  the  spatial 
and  temporal  parameters  of  the  near-Earth  space  and  in  the  characteristics 
of  electromagnetic  waves  are  presented. 

It  is  shown  that  the  perturbed  parameters  of  plasma  change  with  time 

nonmonotonically.  . 

Such  a  behavior  results  from  the  competition  of  a  number  of  micro¬ 
processes  in  plasma  and  from  the  self-effect  of  the  wave  in  underlying  lay¬ 
ers.  The  relative  perturbations  in  the  concentrations  of  pardcles  are  deter¬ 
mined  to  reach  about  one  order  of  magnitude,  and  those  in  the  electron 
temperature  to  reach  two  orders  of  magnitude. 

The  results  of  modeling  efforts  are  illustrated  in  Figures  1  and  2. 

The  author  has  been  supported  by  Science  and  Technology  Center  in 
Ukraine  Grant  No.  471. 
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Figure  1.  Relative  changes  in  the  electron  temperature  (upper  panel)  and  in  the 
electron  number  density  profiles  (lower  panel)  caused  by  high-power  HF  radio 
waves  at  a  frequency  of  10  MHz  and  effective  power  of  300  MW.  At  t=0  the 
plane  unmodulated  wave  arrive  at  the  50  km  altitude. 
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Figure  2.  Relative  changes  in  the  electron  temperature  (upper  panel)  and  in  the 
electron  number  density  profiles  (lower  panel)  caused  by  high-power  HP  radio 
waves  at  a  frequency  of  10  MHz  and  effective  power  of  3  GW.  At  /-O  the  plane 
unmodulated  wave  arrive  at  the  50  km  altitude. 
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TRANSIENT  WAVES  PRODUCED  BY  A  MOVING 
SOURCE  ON  A  CIRCLE 

Victor  V.  Borisov 

Institute  of  Physics,  St.Petersburg  University,  St.  Petersburg,  Russia 


1.  The  goal  of  the  present  paper  is  to  obtain  the  solutions  of  the  initial-value  problem 
to  the  inhomogeneous  wave  and  Maxwell’s  equations  in  the  space-time  domain.  We  sup¬ 
pose  that  the  point  sotirce  starts  at  the  fixed  moment  of  time  and  moves  with  arbitrary 
velocity  on  a  circle.  General  expressions  obtained  in  [1]  enable  us  to  give  a  description  of 
the  wavefunctions  and  components  of  the  vector  potential  in  terms  of  the  transient  modes 
in  cylindrical  coordinate  system.  Eventually,  we  represent  the  obtained  expansions  in 
terms  of  the  Fourier  series,  whose  coefficients  are  explicit  functions  of  the  space-tune 
variables.  Due  to  the  property  of  the  delta-function,  we  manage  to  sum  up  the  series. 
We  appl}’’  the  obtained  expressions  to  the  description  of  waves  in  the  particular  case  of 
a  point  source  moving  with  the  constant  angular  velocity  and  give  the  relations,  which 
characterize  both  transient  and  steady-state  waves.  We  define  the  space-time  domain 
where  the  steady-state  waves  exist. 

2.  We  represent  the  electromagnetic  field  vectors  E  and  B  via  the  scalar  and  vector 
potentials  #  and  A  and  use  the  Lorentz  condition: 

f)A  <9$  -  .  ^ 

^  -  y  #  -  B  =  rotA,  “  -1-  divA  =  0,  (1) 

dr  or 

where  r  —  ct  is  the  time  variable  (c  is  the  velocity  of  light).  Then  one  can  get  from 
Maxwell’s  equations  the  scalar  wave  equation: 

=  — ii,  i  =  1,2,3,...  (2) 

OT^  C 

where  A  and  ji  are  the  Cartesian  components  of  the  vectors  A  and  the  current  density 
vector  j,  respectively. 

We  derive  the  solutions  of  equations  (2)  in  cylindrical  coordinates  p,  (p,  z  supposing 
that  .4i  =  Ax,  A2  =  Ay,  Az  =  0,  and  the  sources  on  a  circle  with  the  radius  a  are: 

jx  =  -j<fi  sin  (f,  jy  =  cos  (p,  jz  =  0,  (3) 

where  jy,  is  the  ip  -component  of  the  curent  density. 

3.  Suppose  now  that  the  point  source  moves  on  a  circle,  then 

^  4,(r)\h(z)  T>0  =  0  7-<0,  (4) 


Kharkov  Ukraine,  VI Ith  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


MMET’98  Proceedings 


353 


where  h(z)  is  the  Heaviside  function,  -  a)  is  the  Dirac  delta,toction,^and  «(t)  rs 
an  arbitrary  continuous  function.  The  starting  point  of  the  current  i-pulse  is  (po,.^(0)). 
The  initial  conditions  are 

=  ^  =  r<0. 

With  the  aid  of  expansions 


(5) 

(6) 


we  obtain  from  (2)  -  (5)  the  following  scalar  problem: 


1  d 

m2  ^ 

il' 

.P^ 

V  ^pJ 

1  p2  +  5^2  ■ 

dr^ 

Upm  — - ~jiTn}  ''Pm  —  0,  T  <  0 


where 


imj  271  f>  ^  ’  \  ) 


(V 


(8) 


We  derive  the  solutions  of  the  above  problem  by  using  a  general  expression  constructed 
in  [1]  and  find  the  coefficients  of  expansion  (6)  to  be 

/^.m]  _  1  f  ^  (9) 

V  V’ym  j  Eapk  '  smd{r')  V  cos(^(t)  J 

1 


^,here  T  =  max{0,r  -  cos  ~  [p"  +  a' +  -  (^  ^)]  ’ 

which  is  easily  transformed  into 

"  Jo  s{d)  V  cos  <1)[t  -  3{d)]  ) 


'ym 


TTC 


(10) 


where  s(i9)  =  Vp^  +  o'*  +  -  2apco^  and  f  =  max{arccos  ^ (p^  +  a"*  +  r^),  tt}. 

In  the  case  of  the  space-time  domain  given  by  r  -  ^J{p  +  af  +  z  >  9) 
and  (10): 

^  V  ?  r  dtf  —  ( "  '  i-tP )  «{^ + « - 

(  7l  J  "  c  1,  s(lJ)  I  COS,^[t-s(0)1  ) 

To  obtain  the  functions  4.  andTl,  in  the  explicit  form,  we  have  to  solve  the  equation 

+  ^p‘+a'‘  +  z'‘-  2apcosi>)  =0  (12) 

with  respect  to  the  variable  of  integration  •&. 

4.  To  construct  the  transient  solution  in  the  case  <^(r)  =  fcr  (fc  >  0  is- constant),  we 
apply  the  general  expressions  (10)  and  get  the  coefficients  ip^m  ''Pym  ® 

(13) 

yi’ym  j  TtcJo  s{i9)  \  cosA:[r  s(i9)]  J 
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In  the  space-time  domain  r  -  ^ (p of  +  >  0,  asstiming  that  r  =  y/p^-V  »  a 

and  sin0  =  p/r,  we  have  from  the  above  expressions; 


/  V'xm  \  ^  fgi*(r-r)j^[(^^.l)fcasin0] 

\  i}ym  J  2cr^  '• 

+  ^  j  -  l)A:asin0]|  (14) 

5.  Consider  now  a  solution  of  a  scalar  wave  equation  where 


(15) 

27r  p 

In  this  case  we  get  the  representation  of  the  wavefunction  ip  in  the  form 


m 


(16) 


Assuming  that  r  >  o  and  (pjr)  =  kr,  one  ca.n  write  the  terms  of  the  above  expansion  in 
the  space-time  domain  r  —  y  (p  4-  a)^  -f  -2;^  >  0  as 


ipm  =  (17) 

cr 

The  obtained  relations  are  commonly  used  for  description  of  the  synchrotron  radia¬ 
tion  (steady-state  waves).  This  result  is  found  by  representing  the  solution  of  the  wave 
equation  in  terms  of  the  spherical  harmonics.  We  obtain  the  explicit  expressions  for 
the  coefficients  ipm  by  using  the  representation  of  the  solution  in  terms  of  the  modes  in 
cylindrical  coordinate  system  and  describe  both  transient  and  steady-state  waves. 


Acknowledgement.  The  research  described  in  this  publication  was  made  possible 
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ROTATIONAL  MODE  OSCILLATIONS  IN  A  CAVITY 
WITH  A  TIME-VARYING  MEDIUM 


Svetlana  V.Chumachenko,  Oleg  A-Tretyakov 

Kharkov  State  University,  Chair  of  Theoretical  Radiophysics 
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LStatement  of  the  problem.  The  problem  of  electromagnetic  oscillations  in  a  cavity  partidly 
filled  with  a  time-varying  dielectric  is  considered  (see  Fig.l).  The  state  of  the  field  in  the 
dielectric  (region  H)  is  determined  by  the  constitutive  relation  for  the  polarization  vector  as 
p(E)=a(t)E(r,t).  The  coefficient  a(t)  (or  the  linear  operator  of  Volterra's  kind)  determines 
an  electrical  susceptibility  of  the  medium  in  the  region  II.  The  problem  is  solved  by  the  method 
of  modal  basis  [1-2]. 


Fig.l.  Cavity  partially  filled  with  a  time- varying  dielectric. 

Suppose  that  the  intermodal  transformations  in  the  dielectric  can  be  neglected.  Th^ 
every  mode  will  oscillate  individually  under  the  influence  of  the  time-varying  medium.  In  ths 
case  the  electromagnetic  field  of  a  rotational  mode  under  consideration  can  be  expressed  in  the 

following  way:  ^ 

where  the  vector  fiinctions  of  co-ordinates  are  known,  and  the  scalar  coefficients  depending  on 
time  should  be  sought  for.  The  indices  identifying  the  mode  are  omitted.  The  vector-functions 
of  co-ordinates  are  the  basis  elements  in  the  space  of  solutions.  In  general  case  they  are 
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determined  as  a  solution  of  the  Dirichlet  or  Neumann  boundary  eigenvalue  problems  for  the 
Laplacian.  The  scalar  time-dependent  coefficients  satisfy  the  evolutionary  equations,  which  are 
obtained  after  projecting  Maxwell's  equations  on  the  same  basis  elements: 


^■[(1+ Ca(r)Xt)]  + =  a, 

< 

^  =  0, 


(2) 


where  c  is  the  velocity  of  light;  k  is  the  eigenvalue  of  the  Dirichlet  or  Neumann  boundary 
eigenvalue  problem  for  the  Laplacian;  coefficient  ^  determines  the  self-transformation  of  the 
mode  under  consideration  due  to  dielectric  in  the  region  H.  So,  the  latter  is  some  function  of 
geometrical  parameters  of  the  cavity. 

To  solve  the  problem,  the  eigenvalue  k  should  be  found.  Solving  the  evolutionary 
equations  is  the  main  goal  of  this  paper.  It  will  be  further  obtained  in  analytical  form  and 
analysed  in  the  final  part  of  the  paper. 


2.  Eigenvalue  problem  for  the  basis  elements.  Electromagnetic  field  of  symmetric  modes  of 
electric  kind  can  be  expressed  through  the  one-component  Hertz  vector  fl-ZQT[{r,z). 
Potential  function  of  the  latter  can  be  written  down  as  follows: 


n(r,z): 


ni(r,z)  =  ^  a<r<b,0<z^l: 

n=^0  \  I  J 


( 


n2(^^)  =  2  ],Q<r<a,0<z^d, 


m=0 


(3) 


where 

K(p/)  =  Jo(P/)^o(Pnb)  -  Jo{PrP)^o{Prr\ 
Pr,=^k^  -(TOtli)\  qm^^k^  -{rnildf  , 


Sj(j  =  n,m)is  the  Neumann  number;  are  the  Bessel  and  Neumann  functions;  A^,B^ are 
the  unknown  numerical  coefficients. 

Subjecting  the  tangential  components  of  electromagnetic  field  to  the  boundary 
conditions  at  the  surface  of  the  cavity,  one  can  obtain  a  direct  formula  for  the  coefficients 
and  a  homogeneous  matrix  equation  with  respect  to  the  unknown  coefficients  .  A  condition 
of  existence  of  eigenvalue  is  the  vanishing  of  the  determinant  that  results  in  the  set  of 
independent  dispersion  equations  with  respect  to  the  eigenvalues  k ,  namely: 

“ ^sPsB'Xp/i%>.]  =  0,  »  =  0,1,2. . . ;  5  =  0,1,2.  ; 


where  k  is  involved  in  /?,  and  ,  see  (3);  8^^  is  the  Kroneker  delta; 

'^sin  7c(»/  -  ■sft)  ^  sin  %{m + 50) 


T  =  V  F  jr  —1. 

^sn  j,/  ^ ms  ry 

m=0  ^ 


Ti{m  -  50)  %{m + 50) 


S.Solution  of  the  evolutionary  equations.  Re-writing  the  system  of  evolutionary  equations 
(2)  in  the  matrix  form,  we  can  solve  it  following  [3-4].  Further  on  suppose,  for  example,  that 
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the  coefficient  of  electric  susceptibiUty  is  a(r)  =  exp(-Yt).  As  a  result,  we  obtain  the  formulas 
for  the  calculation  of  coefficients  e(l)  and  h{t)  : 

e(t)  =  sinfc^r  -  /,),  Ht)  =  /VC^  +D^co^ckt  -  f), 

l+Cexp(-y^) 

where  C  =  D^l^Q-  /i  =  arctg^, 

l-CLl+CL^^ 


L^,L2,L^  are  fiinctions  of  t 

2  -  (y  sin  2ckt  +  2cos2c^/)exp(-y/) 

W  = 


y^  +  2 + [Y(sin  2cA:/  -  y  cos^  ckt^  -  2|exp(-y/) 
y(y"+4) 

2-[2+ y^sin^cA:?  -y  sin2gA:r)|exp(-Y?) 
y(y'+4) 


Notice  that  the  exponent  brings  the  greatest  contribution  to  the  fiinctions  L^,L2,L-i,  in  some 
interval  of  values:  0  <  /  <  T ,  and  a(^)  ->  0  when  ^  co(/  >  T). 


4.Conclusion.  Thus  in  the  considered  case  the  time  dependences  for  the  unknown  field 
E(r,0,  H(r)  have  been  found.  They  have  been  obtained  in  explicit  form  and  are  expressed  in 

elementary  functions.  We  suppose  that  the  coefficients  for  the  field  are  known  from 

the  initial  conditions. 
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Introduction.  Lately  the  interest  to  non-stationaiy  electromagnetic  waves,  expanding  radar  opportunities,  is  steadily 
growing.  Having  a  wide  low-frequency  spectrum,  the  non-stationary  radio  waves  find  a  use  at  sounding  absorbing  envi¬ 
ronments,  in  particular,  grounds  and  rocks,  and  provide  large  depth  of  penetration. 

The  problem  of  transient  radio-waves  scattering  on  earth  structures,  discussed  here,  closely  adjoins  to  a  problem  of 
interpretation  of  results  of  sounding  and  is  one  of  the  major  components  of  work  on  the  increase  of  efficiency  of  a  sub¬ 
surface  radar.  Only  limited  class  of  similar  tasks  can  be  solved  analytically  [1].  For  modeling  of  non-stationary  scattering 
we  use  the  approach  consisting  in  finding  the  solution  in  frequency  domain  after  a  normal  impedances  method  [2,3],  and 
its  translation  in  time  domain  with  application  of  the  inverse  Fourier  transformation.  Thus  for  the  given  (continuous)  law 
of  a  humidity  change  on  the  depth  of  a  structure  on  the  basis  of  experimentally  received  frequency  dependences  of  per¬ 
mittivity  and  specific  conductivity,  the  appropriate  frequency-spatial  dependences  of  these  electrical  characteristics  are 
formed.  In  the  given  work,  a  mathematical  model,  features  of  construction  of  computing  algorithm,  basic  features  of  be¬ 
havior  of  the  transient  electromagnetic  fields  reflected  from  earth  structures  are  discussed,  the  examples  of  the  analysis 
of  obtained  results  through  the  inverse-conjugate  filtration  [4]  are  summarized,  and  the  limits  of  its  applicability  are 
shown, 


2.  Method.  Suppose  that  K  - 1  homogeneous  dielectric  layers  of  the  thick¬ 
nesses  4  {k=2’^K)  are  located  between  the  half-spaces  1  (z>0)  and  A>1 
)  (Fig.l),  thus  each  of  the  partial  regions  is  characterized  by  electri¬ 
cal  parameters  and  .  From  the  half-space  1,  at  the  angle  ^  j ,  a 

plane  electromagnetic  wave  is  incident  on  the  system  of  layers.  At  any  de¬ 
pendence  on  time,  and  if  Z)  ^  is  a  time  interval  extended  enough  to  capture 

the  whole  transient  process,  and  ^(/ )  =  0  for  /  ^  [  0,  Ar  ]  c  [  0,  Z)  J ,  by  use  of 

the  direct  {F)  and  inverse  (F“^)  discrete  Fourier  transformations  in  the  time 
domain,  the  scattered  field  can  be  reprezented  as 

{  “«  ('«  )  }  =  R  e  I F  ' '  ^  I ( !«„  )  I  f  [  {  (p„  (f„  )  }  ]  {exp  ( - /<y „  /o ) })  } , 

where  |  )|  are  the  values  of  complex  amplitudes  of  necessary  com¬ 


ponents  of  electric  or  magnetic  fields,  or  the  factors  of  reflection  at  the  frequencies:  0,Sf,2Sf,..,,Dy,  found  after  the 
normal  impedances  method  [2,3];  tQ  is  an  entered  temporary  delay  determining  a  spatial  location  of  the  incident  pulse 
front  at  the  moment  t  =  0  relatively  to  the  point  vdth  coordinates  [:c,z]=[0, 0]  at  given  .  It  is  reasonable  to  choose 

^0  =  ^0  V^o  M)  (cos2^j )  /  (cos  0  j ) .  This  sets  a  location  of  the  incident  pulse  front,  when  at  the  moment  r  =  0  its  be¬ 


ginning  is  observed  at  the  point  [Xo,Zo]=[-'ZQtan^i,  z^],  be  disposed  on  the  ray  of  reflection  from  the  upper  bound¬ 
ary  of  the  layers. 

To  find  I  (/^^  )| ,  the  calculations  for  the  frequencies  0,5f,2Sf,.,,,lsf  (A/  is  a  width  of  a  spectrum  ^(0) 
are  made  and  then  the  mirror  complex  conjugate  extension  of  a  definition  relatively  to  the  NyquisF  frequency  Df  12 

under  the  given  below  circuit  is  carried  out,  equivalent  to  an  introduction  of  negative  frequencies  in  the  continuous 
Fourier  transformation 


w  =  1,  ^ 

0, 

f  *  1 

m  =  N  p.  /  2  +  1 

m  ^  N  n  /2  +  2, 

D  f  '  T>  f 
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The  values  of  and  coincide  and  determine  a  quantity  of  discrete  temporary  readouts  of  a  diffraction  field  at 

the  moments  0,  S  r,  2S  t,  ,  or  a  quantity  of  values  {im^ )  at  the  discrete  frequencies  0,  Sf,  23  f,  ,  with 

Sf-M D^,Df-\l5t,  The  condition  A/ <Dj- 12  should  be  satisfied  in  the  calculations  or,  that  is  the  same, 
St  <1/  (2A/).  It  is  obvious  that  St  -  At  I  (N - 1),  whence  ^  >  2 Af  A /  + 1 .  It  is  possible  to  minimize  com¬ 
puting  expenses  by  choosing  N =  2AtAf  + 1 . 

3.  Transients  for  single-layered  structures.  The  analysis  of  the  frequency  dependences  of  the  absolute  vaule  of  the  re¬ 
flection  factor  and  the  results  of  calculations  of  diffraction  fields  with  9^  =  0°  reveal  the  following  features.  In 

the  frequency  domain,  the  growth  of  losses  conforms  to  the  reduction  of  reflection  factor  \Bi{io))\  oscillation  (Fig,2), 

and,  in  time  domain,  the  reduction  of  a  transient  duration.  Thus  the  rise  time  of  each  subsequent  pulse  of  a  sequence 
leaving  a  layer  grows,  that  is  connected  to  a  faster  attenuation  of  the  high-frequency  spectral  component.  Significant  re¬ 
flection  of  spectral  components  of  low  frequencies  (for  which  tan  S  =  a /(sco)  >  0.2 )  from  boundaries  of  the  unit  of 
partial  regions  causes:  1)  an  increase  of  the  amplitude  and  a  pulse  rise  time  reflected  from  the  upper  interface  of  the 

structure;  2)  a  tightening  of  trailing  edges  of  pulses  of  a  se¬ 
quence  leaving  a  layer,  in  the  case  that  02  <  0*3 .  (If  (J2  >  03 , 
the  reflections  of  the  low  frequencies  of  a  pulse  spectrum  from 
boundary  of  regions  2-3  cannot  compensate  their  decreased 
level  after  the  passage  through  the  boundary  1-2;  in  the  upper 
half-space  the  sequence  of  two-polar  pulses  is  observed). 
Thus,  the  use  of  single-polarity  sounding  pulses  allows  visu¬ 
ally  to  estimate  a  ratio  of  the  specific  conductivities  of  the 
border  regions;  3)  impossibility  to  use,  for  underground 

sounding,  video  pulses  of  durations  At^e2  /  cr2 ,  which  spec¬ 
trum  is  in  the  frequency  interval  /  ^  [  0, 0*2  /  6*2  ]  ,  and  for 

which  tan  S>02.  This  for  example,  for  chestnut  loam 
means  a  good  efficiency  of  application  for  the  sounding  pulses 
with  the  low  frequency  of  a  spectrum  from  47  MHz  (for  hu¬ 
midity  ir=2.5%)  up  to  413  MHz  (W=20%);  but  At  cannot  be 
too  small,  as  it  is  not  favorable  from  the  power  point  of  view 
(at  an  excessively  wide  spectrum  only  its  insignificant  part 
gets  in  the  oscillating  part  of  |5i(/6;)|  dependence,  which  the 

specific  conductivities  of  environments  are  minimum).  Thus, 
the  efficiency  of  usage  of  video  pulses  for  underground  sounding  is  due  to  the  fact  that  their  spectral  density  is  concen¬ 
trated  in  the  range  of  the  low  frequencies,  where  the  oscillating  character  of  \B^{io))\  is  most  expressed  due  to  smaller 
values  of  specific  conductivities  of  environments. 

4.  Transients  at  continuous  humidity  variation  along  the  depth  of  the  structure.  Within  the  framework  of  the  used 
method,  the  calculation  of  the  scattering  by  layers  with  continuously  varied  in  depth  dielectric  properties  dependent  on 
humidity  is  reduced  to  the  calculations  for  an  equivalent  structure,  which  replaces  the  real  ones  and  which  is  formed  by 
rather  thin  homogeneous  layers.  Their  thicknesses  di  are  determined  on  the  basis  of  the  maximum  value  of  permittivity 

as  a  function  of  frequency  in  the  previous  elementary  layer.  On  the  other  hand,  these  thicknesses  allow  to  determine  spa¬ 
tial  coordinates,  in  conformity  with  the  given  law  of  humidity  change  W  {h) ,  determining  in  its  turn  the  frequency  de¬ 
pendences  of  permittivity  and  specific  conductivity.  Thus,  at  (hi)).  ^/  =  cr/(/,^(A/)),  and 

/ 

hi=^^dk  ,  we  assume 

k=2 


Fig.2.  a)  Frequency  dependences  of  the  absolute  value  of  reflection 
factor  |j&j (ico'^  for  a  single-layer  structure  {di  =  0.5 m ,  f 

^2  =  7  ^3=15,  <ji  =  0  Siem  /  m )  at  various  values  of  specific 
conductivities  (X2  and  0-3 :  cr2  =  <^3  =  0  Siem/m  (continuous 
line),  cr2  =  0-3  =1.2-10“^  Siem/m  (dotted  line),  ai  =o‘3  = 

=  5  10“^  Siem/m  (dots),  cr2  =0*3  =20  Siem/m  (dot-and-dash 
line);  b)  time  dependence  of  diffraction  fields. 


^  _ _ c  At _ 
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Fig.  4.  Law  of  humidity  variation  in 
depth  for  the  structure  «gray  loam-cIay». 


where  /  is  a  number  of  the  current  elementary  layer;  m  is  the  value  showing  how 
much  the  spatial  duration  of  the  pulse  exceeds  the  chosen  thickness  of  a  current 
elementary  layer  in  given  environment  (for  the  calculations  with  the  minimum 
computing  expenses  and  sufficient  accuracy,  the  value  m=100  is  most  suitable 
(minimally  acceptable));/is  the  frequency. 

In  the  case  of  frequency-dependent  parameters  of  a  layer  of  gray  loam  of  the 
thickness  of  1  m,  laying  on  the  half-space  formed  by  clay,  and  humidity  variation 
according  to  Fig.4,  the  transient  process  for  the  time  interval  between  the  end  of 
reflection  from  the  loam  bound^  with  air  and  the  end  of  reflection  from  the 
lower  boundary  is  presented  in  Fig.  5.  The  incident  pulse  is  bidirectional  in  the 
considered  case,  angle  of  incidence  thus  is  and  Zq-1.5  m.  As  can  be 

seen,  the  diffraction  field  of  a  video  pulse  is  rather  sensitive  even  to  insignificant 


Fig.  5.  The  pulses  reflected  from  the  lower 
boundary  of  the  layer  of  gray  loam  in  the  case 
of  continuous  humidity  variation  in  depth  ac¬ 
cording  to  Fig.  4  (solid  line)  and  the  fixed 
humidity  2.5  %  (dotted  line). 


x10^  4  0 

frequency  /  Hz 


Fig.  6.  Frequency-depth  dependence  of  per¬ 
mittivity. 


0.4 


<T,  Si  em/m 


Fig.  7.  Frequency-depth  dependence  of 
specific  conductivity. 


fluctuations  of  the  humidity  on  the  depth.  The  evidence  to  that  is  an  appreciable 
decreasement  of  amplitude  of  reflection  from  the  lower  boundary  of  the  layer, 
some  increasement  of  growth  times  of  the  field  strength,  and  also  an  occurrence 


Fig.  8.  Dependences  on  time  of  the  magnitude  of 
diffraction  field  (dots)  and  the  result  of  the  proc¬ 
essing  (solid  line).  The  asterisks  at  arrows  denotes 
characteristic  «harbingers»  of  the  reflections,  and 
figures  are  the  numbers  of  the  received  responses; 
the  response  1  coiresponds  to  the  moment  of  arri¬ 
val,  at  the  point  of  observation,  of  reflection  from 
the  upper  boundary  of  a  ground. 


of  reflections  on  the  moments  previous  to  occurrence  of  reflections  from 
the  lower  boundary. 

The  dependences  on  depth  and  frequency  of  electrical  parameters  of  a 
typical  earth  structure  «gray  loam  (0.6  m)  -  chestnut  loam  (0.2  m)  -  clay 
(0.1  m)  -  sand  »,  according  to  the  measured  law  of  humidity  change  in 
depth,  are  shovTi  on  Fig.6,7.  Fig.  8  illustrates  the  behavior  of  the  absolute 
value  of  the  scattered  field  in  time  (dots)  for  a  bidirectional  video  pulse 
( 6  j  ^lO*^,  Zq  =1  m)  and  the  result  of  its  processing  by  the  method  of  the 

inverse-conjugate  filtration  [4]  (solid  line).  As  can  be  seen,  up  to  the 
depths  of  0.6  m  this  method  allows  to  allocate  rather  precisely  the  mo¬ 
ments  of  formation  of  reflections  from  the  basic  electrical  inhomogenei¬ 
ties  of  the  structure.  For  larger  depths,  where  there  is  a  significant  distor¬ 
tion  of  the  form  of  initial  pulse,  the  used  filtration  method  proves  to  be  in¬ 
applicable. 
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and  Cavities  by  Fourier  Senes 
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presentedtoillustratethetheory.  L  INTRODUCTION 

The  analysis  of  electromagnetic  field  o^rator^^g^rate  the*^  fiom  a  given  source 

Green’s  function  which  is  most  appropna  e  ^  ^  ^  dyadic  Green’s  function  have  been  developed  by 

function.  Several  different  but  eqm^etti  ^^^.on^  aLTcalities  was  handled  by  obtaining  an 

The  geometrical  configuration,  for  t^pwpose  f  ^^^^ntedbyT^^s^  c  in  the  x,  y,  and  z 

lossless  and  perfectly  conducting.  The  dimension  of  t  ty  of  radius  r  (r  «3l)  penetrating  into  the  cavity 

direcdoA  nr^cdvely.  f  ^  U.  dj  and  h 

the  currents  induce4  on  the  wire  due  to  external  sources. 


Figure  1.  «lde) 

A  rectanguiai^  cavity  with  a  single 
straight  wire  withtn.lt 


X  £ 

r 

Since  the  wire  IS 

SrKSca«lKngnes.a«dby.uunc«edFou^eosm=^««^^ 

/WE  B.cea=. 

.rf,,,xaa:eueknom.Fo«riereoefflcientsbytaldngMtolx.n«icienUylarte,ago^eppr<K^ 

:!JS«TarS  Sained.  W.  can  solve  dee  decuic  field  veoor  m  «nns  of  A  hy 

1  -  p) 


£=  T^5L (!•  4)- 

—  jos^  — 


Theg=nendexp,esdonofd,ex<ompo«n.otd«el«nHc«.ld,descnbing^ 
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„  .  nics  .  pm 

-5,5?,^““— ■  (4) 

where  A^ip  are  the  mode  amplitudes  yet  to  be  determined.  Cfcviously,  the  field  component  represented  by  eq.  (4) 
satisfies  the  boundary  conditions  on  the  walls  of  the  cavity.  However,  it  remains  to  satisfy  the  b^dary  condition  on 
the  wire  surface. 

Equations  (1),  (3)  and  (4)  can  be  combined  to  obtain  a  relationship  between  mode  amplitudes  and  Fourier  coefficients, 
and  is 


E  Z  2 1*  - 

a  o  e 


where 


/  ^  vx 

=  ^)Z  -  (— )’]cos 


vx\ 

f 

a 


(5) 


(6) 


We  must  assume  that  the  series  given  by  Eq.(4)  converges  uniformly  over  the  fundamental  ranges,  dictated  1^  the 
cavity  dimensions,  0ixia,0iyib,0^zic.  Now  multiplying  both  sides  of  Eq.  (5)  by  the  product  cos(ot  'jra/x) 
sin  (« sin(p'  ]i/c)z  and  carrying  out  integrations  term  by  term  over  the  fundamental  intervals  by  forming  suitable 
inner  products,  one  ends  up  with  solution  to  A^ip  in  terms  of  the  unknown  Fourier  coefficients  as 

4;g„[P  -  {jnn  laf]  tniy^ 

~  _  rf2  f2-i  sm  I  Sill  • 

^  bc0S^[k^-kl^\  b  c  (7) 

Note  that  the  indices  m'n'p'  have  been  changed  back  to  m,  n,  p  respectively  to  avoid  notational  complexity,  and 
orthogonality  properties  have  been  utilized  to  obtain  Eq.  (7).  Substitution  of  ]^.  (4)  into  Eq.  (7)  results  in 


A/  «  «  4/B  [Jfc’-(wi;r/a)*]sin— -^sin - ^ 

F  vvy”  b  c 

^x~  La  jL  Lj  tlA  ^ 


mxx  .  nxy  .  pm 

cos - sm-r~sm - . 

a  b  c 


bcme^ik  -K^]  a  '  '  b  '  ‘  c  (8) 

It  is  sufficient  to  enforce  only  the  condition  that  the  axial  component  of  the  electric  field  vanish  on  the  wire  surface. 
In  case  of  a  thin  wire,  the  boundary  condition  is  applied  to  a  single  generatrix  along  the  wire  surface,  whereas,  in  case 
of  a  thick  wire,  although  the  current  is  still  assumed  to  reside  on  the  wire  axis,  the  boundary  conditions  are  applied  on 
four  generatrices  spaced  equally  around  the  wire  surface.  The  boundary  condition  appropriate  for  this  problem  is 

E,-zix)m^-E^,  (9) 

where  z(x)  is  defined  as  the  impedance  function  of  position,  and  is  the  impressed  field. 

Define  a  testing  function  of  the  following  form: 

W,  =  cos^ JO-  y,  -  r)6 {z-  z,), 

where  r  is  the  radius  of  the  thin  wire  under  consideration.  Substituting  E^  and  Iz  from  Eq.  (2)  respectively  into  Eq.  (9), 
multiplying  both  sides  of  the  resulting  equation  scalarly  by  W„  and  finally  performing  integrations  within  the  limits 
of  the  cavity  dimensions,  we  have 


«  «  4[A:* -(v^/flr)’]sm  , 

-  y  y  - _ - _ — _ t 

jbc0e,[e-kl^ 


t  ZiS,  + 1:  ZiB,  =F.,«  =  0,1,2 . ,M, 

- sm - ; - sm - 

_ b _ c 


j; 


UXK  j 

cos - COS - ax, 

a  a 


,  f"  .  .  UBX  v/rx 

=  z(x)cos - cos - ax,  and 

•’0  a  a 


cos- 


•'o  *  a 
Equation  (11)  can  be  expressed  in  matrix  form,  and  is 

[2J[5J=[FJ, 


dx. 


(11) 

(12) 

(13) 

(14) 

(15) 
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Note  that  [Z„]  is  an  (M  + 1)  X  (M  +  1)  matrix.’^ince  u  =  QX2...M  ^  v  =  0,1 If  the  matrix  [ZJ  is  non- 

singular,  Sverse  exists.  The  unknown  Fourier  coeffiaentsB,  are  then  given  by 

[5  ]  =  [Z„]"*[F',]. 

dectroma^e  ty  3Wz(x)  =  Zo<J(x)  are  chosen,  when  Z,  is  the  lump  impedance  at  x-0. 

m?nMleF(«mer  series  has 

coefflcienis  tacieases  beyond  10.  demonstinting  ““«”«f^,f?!^°'^^“JchLntMly  employs 

mod«coiiespondingtoxvariaUonh3vebeen4spensed™ihW-2^,fSl3K^ 

tep«perUesotortbogonalily.In.pedan<*denKnR«>n>i»srfrf^ 

A  SlSSTesgen  "can  U  obWned  for  a  flricker  »»  »he.  rive  bonnda,  condlrion  is 
enforced  on  four  generatriceSe 
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Figiure  3. 

Current  magnitude  on  a  single,  straiglit  thin-wire  for  various 
mode  indices  n,  computed  with  Fe  =  10,  /  =  60  MHz, 
Zq  =50  ohms  and  i)/2  =  .0001. 

The  example  of  deunnining  rields  and  cimenis  My«l  on 

otFonrier  series  melhod  wtach  can  be  easdy  landed  1.  !he  field  erisUng  in 

waveguides  and  cay“i“-  This  meAod  by^sses  the  dyadic  Green’s  function  approach 

waveguide  is  associated  with  a  doubly  mfimte  .  .  ,  xhic  niethod  provides  a  solution  which  is 

prtlemsinwavegiiidesandcaviUesndlhaoonsideiableMinputaaonaladvan  ge. 

Sf''“Shn» ft,  and  1.  Ferini.  -0.™n.  on  a  vri-e  ^ 

^  *  Electromagnetic  Waves  and  Applications,  Vol.  2,  No.  3/4, 195-3 17,  1988. 
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MICROWAVE  CAVITY  WITH  NONLINEAR  LOAD 

Diana  V.  Semenikhina 

Taganrog  State  University  of  Radio  Engineering,  Taganrog,  Russia,  airpu@tsure.ru 

Abstfttct  A  rigorous  solution  and  numerical  results  for  the  problem  of  excitation  of  a  resonator  with  nonlinear 
load  are  presented.  Numerical  results  are  obtained  for  the  excitation  1^  a  primary  source,  whose  first  or  fiiird 
harmonic  in  frequency  is  close  to  resonance  at  the  fundamental  mode  Hioi .  It  was  discovered  that  the  amplitude 
of  the  third  harmonic  of  field  exceeds  the  amplitude  of  the  field  at  fundamental  frequency  by  20 ..  .40  dB. 

1. INTRODUCTION 

In  a  series  of  the  previous  publications  [1,2],  solutions  of  exterior  and  interior  nonlinear 
problems  of  electromagnetic  wave  excitation  and  scattering  were  discussed.  Numerical  results 
and  experimental  studies  have  revealed  the  phenomenon  of  nonlinear  excitation  and  scattering  for 
the  bodies  with  natural  nonlinear  contacts  or  with  nonlinear  loads  such  as  microwave  diodes.  In 
the  case  of  exterior  problems  they  can  be  considered  as  a  weak  effect.  They  need  to  be  taken  into 
account  in  a  number  of  special  cases.  If  these  effects  would  be  used  in  antenna  design,  it  is 
necessary  to  develop  the  measures  for  amplification  of  higher  harmonic  fields  excited  due  to 
nonlinear  loads. 

Solution  of  internal  nonlinear  boundary  problems  enables  one  to  investigate 
electromagnetic  wave  excitation  by  nonlinear  loads  of  internal  regions  for  example,  in 
waveguides  and  resonators.  Analysis  of  the  problem  about  a  waveguide  excitation  is  caused  by 
the  fact  that  nonlinear  effects  even  due  to  natural  contacts  have  an  essential  influence  on  the 
waveguide  workability  [3].  The  problem  about  a  nonlinear  load  excitation  in  a  microwave 
resonator  is  one  of  important  problems  for  a  practical  application  in  the  microwave  device 
engineering.  First,  whereas  the  resonator  is  a  frequency-selective  system  and  can  serve  as  an 
amplifier  of  the  fields  of  higher  harmonics  excited  on  the  nonlinear  load  if  their  frequencies  are 
resonant.  Second,  nonlinearly  loaded  resonators  are  already  applied  in  microwave  devices  but 
approximate  methods  of  their  analysis  are  used. 

In  the  present  paper,  a  rigorous  solution  and  numerical  results  for  the  problem  of 
excitation  of  a  resonator  with  nonlinear  load  are  offered. 

2.NONLINEAR  BOUNDARY  VALUE  PROBLEM 

We  consider  a  cavity  resonator  formed  by  a  section  of  rectangular  air-filled  waveguide 
loaded  with  a  distributed  nonlinear  load  in  the  form  of  cross-shaped  narrow  non-uniform 
nonlinear  contact  with  the  cubic  V-I  characteristic  located  at  z  =  2;^ .  In  the  internal  region  of  the 

resonator  primary  source  distributions  are  set  (Fig.  1  a),  where  index  2  refers  to  currents 

at  the  wall  x=a,  and  index  4  to  the  one  x=-0.  In  these  equations,  an  auxiliary  magnetic  source  at 
each  observation  point  has  the  same  direction  as  the  magnetic  current  on  the  site.  The  problem  is 
solved  by  the  method  of  integral  equations  with  the  use  of  the  Lorentz  lemma  and  nonlinear 
boundary  conditions  (NBC),  which  are  derived  from  the  following  mathematical  model  of 
nonlinear  contact  (Fig.  1  b). 

Assume  that  the  contact  is  narrow  along  z  (Az  «A„),  where  is  the  n-th  harmonic 
wavelength.  Then  the  electric  current  flows  across  the  contact  along  z,  and  magnetic  one  flows 
along  X  and  L  on  the  wide  and  narrow  walls  of  the  resonator,  respectively  (Fig.l).  Decompose 
the  contact  into  elementary  cells  whose  sizes  are  A  «  . 
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Within  the  limits  of  a  cell  the  currents  can  be  considered  constant  and  parameters  of  the  contact 
do  not  vary.  We  consider  parameters  of  cubic  V-I  characteristic  connecting  the  current  i  and 
voltage  U  are  given  at  each  ceU.  Then  local  NBC  at  each  cell  can  be  obtained  as  follows  [  4  ]: 


/3  s=-oo  ^ 


00 


/3  q=-oo  /  J 


S  —  —00 


y-^q-s,x 


Fig.l 


where  the  indices  1  and  3  relate  to  the  currents  on  the 
top  and  bottom  walls,  respectively;  and  A„ 
coefficients  defined  by  the  nonlinear  load  parameters. 

Further  the  Lorentz  lemma  is  applied,  and  the  auxiliary  field  is  chosen  as  a  field  in  a  resonator 
without  nonlinear  loads  satisfying  the  boundary  conditions  =  0  at  the  resonator  waUs. 

The  system  of  nonlinear  integral  equations  is  solved  by  the  method  of  moments  with  piece- 
constant  basis  functions  and  Dirac  weighting  functions.  The  observation  point  is  consecutively 
placed  on  each  site  and  NBC  are  applied.  As  a  result,  a  system  of  nonlinear  algebraic  equations 
(NAES  )  for  the  harmonic  amplitudes  of  magnetic  surface  currents  in  nonlinear  cells  is  obtamed. 


00 


“  ’  GO 


where  index  2  relates  to  the  currents  at  the  wall  x=a,  and  index  4  at  the  one  x=0.  In  these 
equations,  auxiliary  magnetic  source  at  each  observation  point  has  the  same  direction  as  a 
magnetic  current  in  the  cell. 


3.  NUMERICAL  RESULTS  AND  CONCLUSIONS 
The  total  field  in  the  resonator  can  be  found  either  with  the  aid  of  Lorentz  lemma  or  as  a 
superposition  of  primary  source  field  and  the  ones  of  the  secondary  sources  in  the  form  of  piece- 
constant  magnetic  currents  on  the  nonlinear  contact  at  all  harmonic  ff^uencies  whose 
amplitudes  are  determined  by  NAES.  In  the  calculations  the  second  way  has  been  chosen  The 
computational  experiment  was  carried  out  for  a  resonator  23  xlOxlO  mm  with  a  nonlinear 
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Fig.2 


contact  (of  the  width  10*^  mm)  excited  by  a 
primary  magnetic  source  in  the  middle  of  the 
forward  wall. 

The  resonance  characteristics  for  the  field 
of  the  third  harmonic  excited  by  the  nonlinear 
contact  located  only  at  a  top  wall  are  shown 
in  Fig.  2.  It  was  oWned  that  the  amplitude 
of  the  field  third  harmonic  exceeded  the 
amplitude  of  the  field  at  fundamental  fi-e- 
quency  by  20. ..40  dB.  The  resonant 
characteristics  for  the  third  field  harmonic 
have  the  width  of  the  order  of  1  %.  The 
difference  of  the  first  harmonic  from  the  third 


one  at  the  resonant  fi-equency  depends  on  the  primary  source  amplitude  and  off  the  resonance  it 
is  effected  also  by  the  source  fi-equency  (Fig.  3).  Generally,  the  difference  between  the  first 
harmonic  and  the  third  one  off  the  resonance  remains  at  the  same  level  as  in  the  waveguide  with  a 
similar  nonlinear  contact  and  exceeds  the  first  harmonic  by  40  ...50  dB.  Results  of  numerical 
experiments  conducted  at  the  frequencies  of  the  first  harmonic  close  to  resonance  are  interesting 
also.  From  Fig.  4,  in  which  the  field  harmonic  amplitude  dependences  on  the  primary  source 
ampliPide  are  shown,  it  is  visible  a  sharp  increase  of  not  only  the  first  but  also  the  third  field 
harmonic  due  to  a  resonance.  The  field  of  the  third  harmonic  becomes  comparable  with  the 
fundamental  frequency  field  (difference  is  around  10  ...15  dB).  Thus,  even  near  to  a  fundamental 
mode  resonance  not  taking  into  account  the  field  of  the  third  harmonic  leads  to  a  grave  error. 


Fig.3  Fig.4 
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.A.bstr3  c-t- 

The  new  technique  of  the  inversion  of  a  principal  part  of  the  integral  equation  vdth  weighted 
singularities  in  the  kernel  was  applied  to  problem  of  wave  diffraction  on  a  step  discontinuities 
in  waveguide.  The  properties  of  resulting  matrix  operator  were  investigated. 


Introduction. 

The  mathematical  models  for  modem  CAD  systems  have  a  number  of  specific  properties 
concerning  to  an  accuracy,  speed  of  numerical  convergence  and  stability  of  evaluations. 
Frequently  it  is  meaningful  to  apply  approximate  methods  to  modelling  of  such 
electrodynamics  key  problems,  which  have  analytical  solution  poorly  approaching  for 
computing.  The  raise  of  effectiveness  of  such  approximate  methods  has  a  large  impotence  for 
development  of  a  CAD  systems  software. 

The  field  calculation  within  a  region  of  space  bounded  by  a  surface  of  geometrically 
complicated  shape  may  be  obtained  by  means  of  dividing  the  whole  region  of  the  field 
determination  into  a  number  of  simple  partial  subregions,  'fhe  equations  of  the  applied 
electrodynamics  methods  which  use  the  idea  of  a  region  decomposftion  and  boundary 
conditions  of  the  fourth  kind  would  be  noted  on  the  base  of  the  Green’s  identities  formalism. 
At  such  form  the  presence  of  singularities  in  a  kernel  of  the  resulting  integral  equation 
exposes  easily.  It  is  connected  with  the  moving  and  fixed  singularities  of  the  Green  function 
of  a  simple  partial  region,  which  suppose  a  clear  physical  interpretation.  The  methods  of  a 
complete  or  partial  inversion  of  the  principal  part  of  resulting  integral  operator  lead  to 
effective  mathematical  models. 

As  it  was  shown  in  [1],  the  method  of  partial  overlapping  regions  [2]  is  an  equivalent 
regularisation  of  the  convolution-type  equations  of  a  mode-matching  technique.  In  the  given 
paper  the  regularisation  technique  is  advanced  for  deriving  more  effective  mathematical 
models,  than  the  method  of  partial  overlapping  regions  produces. 


In  [3]  the  technique  of  the  inversion  of  a  principal  part  of  the  electrodynamics  singular  integral 
operators  was  developed  and  substantiated.  An  integral  equation  to  solve  for  one  of 
electromagnetic  field  vectors  is  formulated  for  each  of  partial  region  using  the  integral 
theorems  of  the  diffraction  theory.  The  field  continuity  on  a  common  part  of  the  partial 
regions  leads  to  the  integral  equation  with  complicated  kernel.  According  to  this  method  the 
initial  equation  of  the  first  kind  is  rearranged  to  the  equivalent  form 
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|{[^i(r|/' ')  +  jM(r|r ')]  +  9^K^{r\r ') -  M{r\r  ')]}t7(/' ')dr'  =  f{r),r  eQ,  (*) 

where  ^,(F|r '),z  =  1,2  ,  are  the  Green  functions  or  their  derivatives,  M(r\r'^  is  a  special 

constructing  regularisation  kernel.  In  (*)  the  first  sum  in  the  square  brackets  is  the  simply 
invertable  part  of  compound  kernel  and  second  part  is  a  continuous  function.  As  it  can  be 
shown  the  method  of  partial  overlapping  regions  is  the  special  case  of  the  new  technique. 

To  demonstrate  further  development  of  this  approach  it  is  necessary  to  consider  not  abstract 
but  the  specific  problem.  As  such  problem  conveniently  to  choose  problem  of  wave’s 
diffraction  on  a  step  in  the  parallel  -  plate  waveguide,  which  would  be  solved  by  many  other 
methods. 

We  shall  consider  the  case  of  a  diffraction  dominant  mode  of  a  wide  waveguide.  The  relation 
of  the  field  continuity  on  the  line  x  e[0,Z>]  with  reference  to  boundary  condition  at  the  step 
looks  like 


Ui{x,z)^U,„^{x,z) 


dx',  [LM) 

-  Z'-O 

^  dx',  (LE) 

-  2'=0 


X  e[0,a]; 

0  <  Z  <  00. 


The  Green  function  G,(x,z|x',z')  of  the  wide  waveguide  can  be  expressed  in  terms  of  Green 
function  G['’^(x,z|x',z')  of  closed  area  [0,a]x  [0,c]  with  reference  to  mirror  reflections  in 
metal  walls.  It  yields  the  integral  equation 


& 


z=0 


& 


dx’ 

L  J 

[ 

2=0 

(LM) 


2=0 


u,{xfi)=u^(x,a)-\ 


G<-’>(x,0lx',0)^ 


z'=0 


dx'  +  R(x,0),  (LE) 


where 

CO 

R{x,  =  ^  ^{x,2cm  +  z)  q:  U{x,2cm  -  z)j, 

m-\ 

U^{x,z)  =  U^(x,z)-U,„,(x,z). 
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Using  Galerkin’s  method  and  representation  of  Green  function  Gj  ^(x,z\x  ,z  )  in  the  form  of 
Fourier-series  expansion  in  the  closed  area  [0,  b]  x  [0,  c]  as  it  was  made  in  [3] 


Gl''^  (x,0|  x',0)  =  2  (x ') 


«=0 


cthr„c  ^ 

Yn 


n~Q  m-0 


we  finally  obtain  the  infinite  matrix  equation 

(l  +  D,)B  +  D,A  =  f. 

Here  B  and  A  are  the  vectors  of  unknown  coefficients  for  the  second  and  first  semi-infinite 
waveguide  respectively. 

Theorem.  The  matrix  operators  defined  by  the  elements 


=  d 


sin( 


mn  exi 


p(-nt) 


rn  -  n  o 


2/32 


0; 


X- 


p^+n^r^J 


T>  0, 


are  compact. 

For  a  case  of  LM-wave  diffraction  the  form  of  final  matrix  equation  is  the  similar  as  the  one 
given  above. 

Conclusion.  .  •  •  l  hi 

It  is  shown  for  the  key  problem  of  waves  diffraction  on  the  step  discontinuity  in  the  parallel- 

plate  waveguide  that  proposed  regularisation  technique  converts  the  initial  integral  equation 
into  the  infinite  matrix  equation,  which  permits  efficient  solving  by  a  computer. 
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In  this  paper  we  discuss  the  problem  of  an  electromagnetic  wave  diffraction  by  a  thick  inhomogeneous 
diaphragm  in  the  parallel-plate  waveguide.  Our  approach  is  based  on  the  analytical  method  of  Boundary 
Singular  Integral  Equations  (SIE)  [1].  Similar  problems  are  frequently  encountered  in  the  computer-aided 
design  of  waveguide  circuits.  They  are  normally  reduced  to  the  matrix  equations  by  the  mode-mathing 
approach.  To  obtain  a  stable  and  accurate  algorithm,  analitical  semi-inversion  has  been  used  in  [2,3]. 
Unlike  this,  we  develop  discrete  mathematical  model  and  numerical  algorithm  by  using  the  technique  of 
[5]. 

1,  Introduction 

We  consider  diffraction  of  the  principal  electromagnetic  E-polarized  mode  (dependence  on  time  is 
by  a  thick  inhomogeneous  diaphragm  in  the  parallel-plate  waveguide. 

The  geometry  of  the  problem  is  shown  in  Figure  1. 

Fig.l.  Thick  diaphragm  in  a  paralhUplaie  waveguide.  Vertical  bound¬ 
aries  of  the  waveguide  and  diaphragm  are  perfectly  conducting.  Hori¬ 
zontal  surfaces  of  the  diaphragm  are  impedance. 

The  total  electric  field  vector  is  ^  Let  us  denote  = 

u{y^z).  MaxwelFs  equations  that  describe  the  model  can  be  reduced  to 
the  Helmholtz  equation  Au  -{-  =  0  with  the  following  conditions  on 

the  vertical  boundaries: 


w(0,  ir)=:0,  z  e  R;  u(a,z)  =  0,  z  >  0^  z  < -h;  u{b,z)  =  Qj  —h<z<0; 


(1) 


and  ”  impedance”  condition  on  the  horizontal  surfaces  of  the  diaphragm: 


du  du 

^(j/,0) +  Cw(2/,0)  =  0,  —{y,-h)-Cu{y,-h)  =  Q,  {b  <  y  <  a,  C  =  Ci+*C2,  Cl  x  <2  0).  (2) 

We  reqest  also,  for  the  totat  field,  satisfying  the  radiation  condition  and  the  edge  condition  at  the 
right  two-sided  edges. 

Decompose  the  total  field  u(y,  z)  as 

{UQ(y,z)  +  u^{y,z),  z>0,  0<y<a 

«(?/.  -h<z  <0,  0<y<b  ,  (3) 

u~(y,z),  z  <0,  0<y<b 

where 


My,^) 


{ka  >  tt) 


is  the  sum  of  the  incident  and  reflected  fields  in  the  case  of  diaphragm  completely  blocking  the  waveguide 
{b  =  0),  and  the  functions  u‘^{y,z)^  u{y,z),  u~(y,z)  are  the  diffracted  fields  in  the  domains  {z  > 

0,  0  <  2/  <  a},  {—h  <  z  <  0,  0  <  y  <  b}j  {z  <  — 0  <  y  <  a},  respectively.  Note,  that 

uo(0,  z)  =  wo(a,  2r)  =  0,  2  >  0;  ^(y,0)  +  C«o(2/,0)  =  0,  y  e  (0,a).  (4) 

Conditions  (1)  tell  us  the  following  modal  expantions  for  w^(y,  z)  and  u(y,  z) 

0  <  2/  <  ^  >  0  (5) 

0<y<o>j  zK-h  (6) 


^"^sin— y, 

n=l  ^ 

oo 

'^~(y,  ^)  =  sin  ^y, 
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u{y,  2)  =  ^  +  C„e^"^ 


n=:l 


.  TTTZ 

Sin  i-y, 


0  <  y  <  ^  -ft  <  2  <  0 


(7) 


where  7n  =  \/ 7n“  =  \/ (x)^  Taking  into  account  the  radiation  condition,  we 

choose  Rejn  >  0,  Imyn  <  0.  Re%  >  0,  Im%  <  0. 

2.  Singular  Integral  Equations. 

Following  the  main  idea  of  the  Boundary  SIE  Method  [1],  we  introduce  new  functions  y  E  (0,  a) 

as  follows: 


^■^(y)=  =  X]-^n(C-7n)sin— 2 

/(y,0)  « 


7rn 


=  y]^n(C-7n)sm — 2/. 

n=l  ^ 


The  important  characteristics  of  the  functions  F^[y)  are: 

1.  F=^(2/)  =  0,  ye  (6,  a); 

2.  Taking  into  account  the  continuity  of  electromagnetic  field  and  the  statement 
representation  for  the  functions  F'^(y),  namely: 


(8) 

(9) 


(4),  we  get  another 


=  X]  [-On(C  -  7n)e  +  C'„(C  +  7n)]  sin  ^y,  y  €  (0, 6);  (10) 

F~{y)  =  E  -  7n)e-^"1  sin  ^y,  y  €  (0, 6);  (11) 

n=1. 

3.  Considering  the  behavior  of  the  field  at  the  edges  we  request  the  functions  to  have  the  form  as 

F{y)  =  ~^y  v^{y)=w^{y){/r^, 

by/1  - 

where  v^{y)  belong  to  the  class  of  the  Holder  functions  0  <  a  <  1. 

4.  Representions  of  the  coefficients  An,  Bn,  Cn  and  Dn,  (n  £  N)  by  means  of  F^{^)  (|^|  <  6)  functions 
are  as  follows: 


b  b 

°  =  iwbl)  / T« ‘'f 

-5  ■ 

6  b 

=  Cn  =  -^^^^F^J[F-(^)Yn  +  F+(OXn]sm^^di  (13) 

where  X„  =  7„  +  C,  !"„  =  «-  7„)e-^'‘'‘. 

On  using  the  Fourier  representations  (5)-(7)  and  continuity  property  of  electromagnetic  field  at  ^  =  0, 
we  come  up  with  equations: 


7rn 


J-  [Dne  +  Cn]  cos  —y  =  ~wo'(y),  y  G  (0, 6); 


E7rn  ^  7rn  ttu  r  _  . 

cos-!, -5: 

E  ~  ^  [•Dne-'?"'*  +  Oj]  sin  ^y  =  -wo(2/o),  yo  £  (0,  b) 

n=l  n=l 


(14) 

(15) 


A  similar  pair  of  equations  is  derived  from  from  continuity  conditions  at  z  =  —h, 

c 

Let  us  consider  the  Hilbert  operator  with  cotangent  kernel:  {HcG){x)  =  ^  /  cot  j^(y  -  x)G{y)  dy. 

-C 

Applying  operators  and  Hj  to  functions  D+(^)  and  the  property  1  of  F*  functions,  we  get  the 
following  statements: 


{HaF){y)  =  E  A„(C  -  7n)  cos  ^y  =  j  cot  ^($  -  y)F+{^) 


n=:l 


-b 


{HiF+){y)  =  E  (GnXn  +  D„y„)  cos  =  ^  /  cot  -  y)F+{^)  df 

n-1 
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Taking  into  account  integral  representations  (12)-(13)  of  coefficients  An^  Bn^  Cn?  Dn^  we  rewrite  (14) 
and  (15)  in  equivalent  forms: 

f  li-a  +  cot  -  y)F+{0]  d^-U  Kait  y)Fno  di 

-b 

-i  /  [K,iU)F+iO  +  K2(i,y)F-iO]  di  =  V(y.O), 

~b 

f  [Qi(^,  2/o)  +  Q2(C  Po)]F^(0  Qsi^,  yo)F-(0  =  -uo(yo,  0), 

-6 

where  Ka{^,y),  Ki{^,y),  K2{^,y),  Qsi^^y)  are  some  smooth  functions.  Functions  Qi(^,y)  and  QsH^y) 
have  the  logarithmic  singularities j  which  can  be  isolated. 

Thus,  we  have  reduced  the  original  diffraction  problem  to  the  set  of  SIE  with  additional  conditions. 

3.  Discrete  Mathematical  Model 

For  the  creation  of  discrete  mathematical  model  we  use  the  technique  of  Discrete  Singularities  Method 
[5].  Interpolation  Gaussian  quadratures  are  applied  both  to  the  singular  integrals,  and  to  the  regular 
ones.  The  integrals  with  logarithmic  singularities  are  discretized  by  the  formula  from  [6].  Based  on  the 
suggested  mathematical  model  a  numerical  experiment  was  worked  out.  We  calculated  \An\j  \Bn\j  \Cn\ 
and  I  All  coefficients  under  the  different  values  of  a,  6,  C  and  h  parameters.  An  example  of  numericul 
experiment  is  shown  in  Figure  2. 


Fig. 2.  The  dependence  of  |A|  on  the 
wavenumber  k  with  the  following  values  of 
parametres: 

a  =  TT,  I  =  |,  /i  =  1,  <  =  -f- 

1.  Z,  =  2.4784  •  10-^  +  il.4648  •  10-^  is  the 
impedance  of  niobium  at  T  =  8.83/^  [7]; 

2.  Z,  =  8.23657  •  lO'^  +  *2.64552  •  IQ-^  is 
the  impedance  of  a  smooth  niobium  layer  on 
a  dielectric  layer  at  T  =  8.83A'[7]; 

3.  Zs  -  1.10491  •  10-2  +  *3.54889  •  lO'^  is 
the  impedance  of  a  rough  niobium  layer  on  a 
dielectric  layer  at  T  =  8.83A'  [7]; 
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Architecture  of  Dielectric  Bandpass  Filters  with  Symmetric  Characteristics 


Alexander  Trubin 

National  Technical  University  -  KPI,  2110,  Peremogy  Prospect,  37,  Kiev,  252056  Ukraine 

Abstract 

The  problem  of  electromagnetic  wave  scattering  from  a  system  of  coupled  Dielectric  Resonators  (DR) 
placed  in  a  cut  off  waveguide  section  has  been  examined.  It  has  been  established  a  common  form  of 
characteristic  equation  for  the  coupled  oscillations,  that  realizes  frequency-symmetrical  S  matrix  pa¬ 
rameters.  A  new  structure  of  the  coupling  between  DRs  is  indicated  as  well.  Analytical  expressions  of  the 
power  transmisson  coefficients  and  experimental  investigations  of  4  and  5  cylindrical  DRs  in  a  microstrip 
line  is  given. 


Introduction 

The  scattering  characteristics  of  the  DR  system  in  metallic  cavity  depend  on  their  mutual  location,  non 
resonant  transmission  and,  for  example,  in  microstrip  structures,  on  the  presence  of  parasitic  modes,  ets. 
We  consider  here  the  problem  of  determination  of  DR  structure  that  realizes  frequency-symmetrical  scat¬ 
tering  parameters:  |r(/lcy)|  =  ,  where  Ao)  =  or  -  cog,  cog  is  the  center  frequency. 


Common  form  of  Characteristic  Equation  of  Symmetric  DR  Filter 

We  shall  try  to  answer  the  question:  what  conditions  will  lead  to  the  S  matrix  frequency  symmetry  of  the 
DR  filter  scattering  parameters?  To  this  end  we  consider  the  characteristic  equation  which  determines  ei¬ 
genvalues  of  the  coupling  operator  K  [1]: 


+  a ^  ^  4-  ...  -1-  a^^_jX  +  a^,=0 


(1) 


where  a , 


=  a  Ak,  k  ,  k  ,  . . . I 
•'  \  12  13  ) 


are  the  complex  functions  of  the  coupling  coefficients; 


4  =  21  zl®,  +  ior  j  /  or  ;  AcOj.  -  or^.  -  Og,  or  +  io)  is  the  coupled  oscillation  frequency  of  the  N  DR 


system  {s  =  l,  2,  ...  ,  .v).  Solutions  X X^  of  (1)  will  be  called  anticonjuate  if  where  is 

the  complex  conjugation  symbol.  (1)  has  a  pair  of  anticonjugate  solutions  only  if  the  coefficients  a,,  are 


real,  and  are  imaginary: 

^  2s  ~  ^  2s  '  ^  2s  +1  ~  2s  +1  ■ 

We  have  established  that  if  all  the  solutions  of  (1)  exept  the  imaginary  ones  are  anticonjugate,  the  filter  S 
parametrs  are  frequency  symmetric.  In  reality,  eigenoscillations  of  the  DR  system  that  form  a  pair  of  anti¬ 
conjugate  solutions  have  identical  Q  factors,  but  their  resonant  frequency  detunings  differ  by  sign.  The 
sum  of  the  oscillations  form  the  frequency  symmetrical  scattering  parameters. 


Architecture  of  DRs  with  Symmetric  Scattering  Parameters 

At  first  we  shall  examine  four  DRs  symmetrical  geometry.  We  shall  denote  a  single  DR  of  such  a  system 
by  a  point,  the  coupling  between  DRs  through  the  cut  off  field  by  a  straight  line,  and  the  coupling  through  a 
propagating  wave  by  an  oscillating  line  (Fig.  1,  b-d).  In  arbitrary  case  obtained  from  [1],  the  power  trans¬ 
mission  coefficient  of  the  four  DRs  symmetric  filter  is  given  by 


j'  —  y  _ 


+ 


_ k  f’l  k  k  _ 


Jc 

a 


4-  (3) 


where  k  =  k  ■  0^  is  the  coupling  coefficient  between  the  input  or  output  DR  and  line; 


JmX^  ■  +  CO  /  co^  -  -  co  /  (wj  ; 


;  2 
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^  • /c  +  + ^-/c  + /C2j)  + V^, 

r  •  ~  /  'V 

(i*  =  2 ^  -  2(^74  ~  ^27)  +(^72-^72)  ■  W 

In  Fig.  1,  a  it  is  shown  the  measured  (by  dots)  and  computed  from  (3),  (4)  (by  a  solid  curve)  insertion  loss 
i  =  20 /girl  of  the  filter  composed  from  the  cylindrical  DRs  and  a  microstrip  line.  This  curve  is  readily 
seen  to  be  non  -  frequency  -  symmetric.  From  (2)  or  (4)  the  symmetry  will  take  place  under  the  condi¬ 
tions:  kj^  =  k2^=0  (Fig.  1,  b),  or  kj^  -  k24  =  0  and  (c),  or  kj2=k22  =  0  and 

4  -  4  =  ^4  -  (d)- 

The  coupled  oscillations  of  DR  structures  are  determined  from  the  obtained  simple  conditions  (2)  before 
the  solution  of  the  corresponding  scattering  problem.  For  example,  even  eigenoscillations  of  the  five  DRs 

system  are  found  from  the  symmetry  conditions:  7:^,  =k24-0  and  either  kj^  =k2s  =  0  (Fig.  1,  e);  or 
^23  =  =0  (Fig.  1,  f);  or  kj2  =  -kj^',  /%  =  -7c_,5  (Fig.  1,  g).  The  systems  shown  in  Fig.  1,  e,  g  have  5 

types  and  that  in  Fig.1,  f  has  4  nontrivial  types  of  the  coupled  oscillations.  The  power  transmission  coeffi¬ 
cient  of  the  filter  shown  in  Fig.  1,  e,  for  example,  has  the  form 


q=l/  3{kj2  +  kj4  y  +2/  2k]^  -  (/c  /  [q^  +r^  >o] 


In  Fig.  1,  h  shows  the  measured  and  computed  from  (5),  (6)  insertion  loss  of  the  five  DR  frequency  sym¬ 
metric  filter. 

Conclusion 

A  common  form  of  the  coefficients  of  the  characteristic  equation  providing  frequency  -  symmetric  scatter¬ 
ing  parameters  has  been  found.  New  structure  of  the  coupling  and  analytical  expressions  of  the  power 
transmission  coefficients  of  the  four  and  five  DR  symmetric  filters  was  established  and  verified.  Measured 
characteristics  of  these  filters  are  in  acceptable  agreement  with  theoretical  calculations. 
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NUMERICAL  SIMULATION  OF  SOME  PLANAR  MICROWAVE 
GYROTROPIC  STRUCTURES 

S.  A.  Ivanov  &  P.  1.  Dankov 
Faculty  of  Physics,  Sofia  University,  Sofia,  Bulgaria. 


Introduction 

The  numerical  simulation  of  different  gyrotropic  structures  plays  an  increasing  role  in 
modem  microwave  practice.  In  comparison  with  the  usual  analytical/experimental  methods 
known  for  a  number  of  years  it  can  propose  a  considerable  saving  of  time  and  efforts 
combining  with  some  new  possibilities  for  improvement  of  the  analysis  before  realization  of 
the  stractures  .  Below  this  new  alternative  is  demonstrated  for  the  case  of  stripline  circulator 
operating  in  S-band  and  below  ferromagnetic  resonance.  The  consideration  is  done  with  a 
planar  model  analysis  [1]  which  offer  a  reasonable  compromise  between  time  consumption 
and  accuracy. 

Theoretical  Background 

The  main  steps  of  the  planar  model  analysis  includes:  i)  Replacing  of  the  coupling 
stripline  width  W  and  disk  resonator  radius  R  with  its  planar  equivalents  of  the  same  height 
h  and  characterized  with  effective  dimensions  We  and  Re  respectively;  ii)  Assuming  a 
magnetic  wall  approximation  for  the  investigated  planar  models  the  analysis  is  done  in 
closed- fonn,  and  as  a  result  of  that,  the  convenient  expressions  for  the  main  junction 
parameters  -  Input  impedance  ,  Isolation  IS,  Return  Loss  RL  etc.  are  obtained;  iii) 
Through  a  computer  simulation  an  extensive  information  for  behaviour  of  the  above 
mentioned  junctions  parameters  is  easy  obtained  in  advance  before  experiments. 

The  described  procedure  was  demonstrated  in  [1]  for  an  S-band  stripline  circulator. 
Because  the  junction  input  impedance  deviates  considerably  from  standard  value  Zo  =  50 
ohms,  the  matching  of  the  investigated  nonreciprocal  stricture  seams  to  be  one  of  tlie 
important  circulator  problems.  In  [1]  this  task  was  solved  with  one-  and  double-step 
quarter  wave  transfonners.  This  way  however,  leads  to  a  considerable  increasing  of  the 
junction  dimensions.  The  inherently  matched  stripline  Y-junction  described  in  [2]  can  be 
considered  as  an  alternative  of  the  classical  stripline  circulator  because  its  dimensions  are 
determined  on  ferrite  disk  diameter  mainly.  So,  the  Y-junction  construction  is  appropriate 
for  the  case  when  a  narrow  band  devices  are  of  interest.  If  some  wider  operation 
bandwidth  is  necessary  and  the  circulator  dimensions  should  be  as  small  as  possible  a  new 
decision  for  circulator  design  should  be  proposed. 

The  investigated  structure  consists  of  two  perpendicularly  magnetized  ferrite  disks  with 
diameter  Dj  and  height  h  .  The  radius  R  of  the  disk  conductor  is  assumed  to  be  smaller 
than  ferrite  radius  Dj  12.  The  stripline  conductors  thickness  t  is  supposed  to  be  thin  enough 
,  i.e  t !  h  «\  .  Ax  these  conditions  the  planar  equivalents  of  resonator  and  coupling  lines 
can  be  introduced  as  it  is  point  out  with  a  dashed  lines  on  Fig.  1.  The  expressions  for 
calculation  of  the  junction  input  impedance  Zi„  and  circulator  isolation  IS  are  as  in  [1], 
but  with  the  corrections  for  the  characteristic  impedance  formula  of  the  ferrite  stripline  Z^/ 
[2]  determining  the  load  impedance  Z/, .  The  matching  of  the  nonreciprocal  junction  shown 
in  Fig.  1  is  done  through  a  two  short  ferrite  striplines. 
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The  'mdX\vWfi  ,  Wj2  and  the  length  Ty;  ,  Lp  of  the  coupling  matching  lines,  as  well  as 
the  radius  of  conductor  R  and  magnetizing  field  Hi  should  be  determined  for  proper 
circulator  operation.  This  aim  is  done  through  a  numerical  simulation  of  the  described 
nonreciprocal  junction.  During  optimization  procedure  the  principle  of  frequency 
compensation  was  used  elsewhere.  For  this  purpose  the  dimensions  of  the  coupling  matching 
lines  were  varied  until  the  condition  Ri„  +  Ri  ~  J^l  was  satisfied. 


Numerical  results 

The  numerical  calculations  are  done  for  S-band  junction  with  ferrite  disk  dimensions. 
Df  =  22  mm  and  h  =  2  mm.  The  ferrite  parameters;  saturation  magnetization  Ms  =  700  G 
and  nermittivity  Sf  =14.5  are  taken  as  for  substituted  TAl  garnet  -  a  material  typically 
used.  The  input  stripline  of  50  Q  is  designed  for  a  conductors  of  width  Wo  =  5.6  mm  and 
thickness  t  =  0.1  mm.  The  simulation  procedure  is  realized  through  a  FORTRAN  program 
SLC2TF  which  operates  in  dialogue  regime  and  can  calculate  the  junction  characteristics 
when  the  dimensions  of  the  coupling  striplines  are  varied.  The  practical  realization  of  this 
procedure  is  convenient  to  be  done  for  different  width  Wji  and  constant  values  of  the 
lengths  Lfi  ,  Lp  and  Wp.  .  As  a  result  of  simulation  a  number  of  configurations  for 
matching  striplines  dimensions  were  proposed.  It  was  found  out  that  the  operational 
bandwidth  is  increased  when  the  coupling  angle  v^=arcsin#^j  I2R\  decreases.  This  tendency 

is  explained  with  the  weaker  frequency  dependence  of  the  junction  input  impedance  at 
smaller  coupling  angles.  For  example  the  matching  structure  characterized  with 
dimensions  Lp  =3.5mm,Zy2  =  1.5  mm,  Wp.  =  S,6mm  and  coupling  width  values  Wp  = 
2.5, 2.0, 1.5  and  1  mm  provides  the  values  for  the  bandwidth  (characterized  at  level  IS  >  20 
dB)*lio,  170,  210  and  260  MHz  respectively.  In  all  cases  the  mechanism  of  the  above 
mentioned  frequency  compensation  has  took  place.  For  the  last  case  that  is  illustrated  in 
Table  1,  where  all  necessary  calculation  data  are  summarized.  As  can  be  seen  the  proposed 
configuration  of  the  coupling  ferrite  striplines  ensure  matching  of  the  junction  with  radius  R 
—  6  mm  in  the  frequency  range  2.34-2.60  GHz..  With  a  small  degradation  the  bandwidth 
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can  be  slightly  shifted  (±  50  MHz)  up  and  down  through  a  deviation  of  the  magnetizing 
field  Hi  in  the  range  90-  150  Oe. 

Table  1 


R  =  6  nun,  Wfl  =  1.0  mm ,  Lp  =  3.5  mm,  Wp  =  5.6  mm,  Lp  =  1.5  mm ,  Ht  =120  Oe 


/.GHz 

k/fx 

75,(18 

Ri 

,n 

^in  ^'m 

0  dB  75  -20  dB 

2.320 

0.97 

-16.65 

14.3 

-10.9 

12.7 

8.4 

2.340 

0.95 

-20.60 

14.2 

-10.7 

13.0 

9.2 

2.360 

0.94 

-22.32 

14.1 

-10.5 

13.1 

9.2 

2.380 

0.93 

-24.45 

13.9 

-10.3 

13,1 

9.3 

)(; ^ 

2.400 

0.92 

-27.24 

13.8 

-10.1 

13.2 

9.3 

:*!******♦♦* 

2.420 

0.91 

-31.26 

13.7 

-  9.9 

13.3 

9.4 

2.440 

0.90 

-33,36 

13.5 

-  9.7 

13.1 

9.5 

3|i: ^ ****#; jfc* 

2.460 

0.89 

-41.03 

13.4 

-  9.5 

13.2 

9.5 

9|( * 

2.480 

0.88 

-37.15 

13.3 

-  9.3 

13.3 

9.5 

2.500 

0.87 

-31.11 

13.2 

-  9.0 

13,4 

9.6 

2.520 

0.86 

-27.46 

13.0 

-  8,8 

13.5 

9.6 

*4:****:(::ie**  5|c** 

2.540 

0.86 

-24.92 

12.9 

-  8.6 

13.6 

9.6 

4c ^ if: ^ ^ iji  4:4: 

2.560 

0.85 

-23,00 

12.8 

-  8.4 

13.8 

9.6 

4:4:4;4:*45****  * 

2.580 

0.84 

-21.46 

12.7 

-  8.2 

13.9 

9.6 

4: 4c  4c  4c  4(  4: 4c  ^ 

2.600 

0.83 

-20.11 

12.6 

-  8.0 

14.0 

9.6 

4: 4: 4: 4: 4c  4<  4: 4c  4:  4j 

2.620 

0.82 

-19.03 

12.5 

-  7.8 

14.1 

9.6 

4c4<4c4«**}=*** 

It  is  interesting  to  point  out  that  the  presented  data  are  comparable  with  the  results 
obtained  for  the  case  when  a  quarter-  wave  transformer  is  used  [1],  This  statement  is  proved 
w'ith  a  program  SLCITD  which  calculates  the  parameters  of  circulator  matched  with 
dielectric  ring.  For  the  junction  with  radius  /?  =  10  mm  and  coupling  width  W=  6.5  mm 
the  optimum  transformer  parameters  are:  fV^  =  3  mm,  1^  =  1  mm  and  £d=  15.  At  these 
conditions  the  circulator  will  operate  with  Hi  =  70  Oe  in  the  bandwidth  2.40-2.65  GHz, 
which  practically  coincides  with  that  in  Table  1.  The  construction  of  circulator  matched  with 
dielectric  ring  however,  has  several  disadvantages.  It  is  more  expensive,  less  technological 
in  production  and  has  greater  dimensions. 


Conclusion 

The  proposed  procedure  for  numerical  simulation  of  nonreciprocal  ferrite  junction  can 
produced  a  number  of  new  design  and  deeisions  for  below  resonance  stripline  circulators. 
The  principle  of  the  frequency  compensation  between  the  junction  input  and  loading 
impedances  can  be  successfully  used  for  broadening  of  the  frequency  range  as  well  as  for 
optimization  of  the  matching  procedure.  In  this  way  a  considerable  time  and  efforts  can  be 
saved  during  practical  realization  of  different  microwave  gyrotropic  devices. 
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Dielectric  elements  and  structures  of  different  geometry,  placed  inside  rectan^ar  wavegiude  sections,  are 
widely  used  in  microwave  techniques  such  as  control,  limiting  and  stabilizing  devices.  Dielectric  «inserts»  wth 
flat  boundaries  filling  the  whole  rectangular  section  of  waveguides  belong  to  one  of  the  simple  t^es  of  such  in¬ 
homogeneities.  Such  inserts  can  serve  as  functional  elements  of  phase  shifters  and  filters,  dielectric  windows,  lay¬ 
ers  of  absorbing  coatings,  etc.  In  electromagnetic  analysis  of  most  of  them  it  is  necessary  to  consider  the  problem 
of  excitation  of  three-layer  dielectric  structure  placed  inside  a  waveguide  section.  Orientation  of  boundaries  be- 
tween  the  layers  (across  the  axis  of  the  waveguide)  determines  such  a  filling  as  longitudinally-inhomogeneous. 
Thus  a  solution  of  the  problem  of  excitation  of  rectangular  wav^de  section  with  three-layer  longitudinally- 

inhomogeneous  filling  is  of  great  practical  interest.  ,  .  ,  .  1  j- 

It  is  known  that  exact  analytical  investigation  of  the  fields  in  a  plane-irregular  in  longitudinal  direc¬ 
tion  structure  can  be  done  in  a  convenient  way  by  the  method  of  cross-sections  [1]  that  is  based  on  the 
field  expansion  in  each  cross-section  of  a  regular  waveguide  in  terms  of  the  eigenwaves  of  a  certain  stan¬ 
dard  waveguide  with  parameters  coinsiding  in  this  cross-section  with  parameters  of  irregular  waveguide. 
This  very  method,  as  a  matter  of  fact,  is  used  when  considering  the  sharp  irregularities  of  the  step  type  of 
the  open  waveguide  cross-section  or,  in  other  words,  a  junction  of  two  open  waveguides  [1].  Obtained  ma¬ 
trix  equations  have  infinite  order.  Their  analytical  solution  can  be  found  only  approximately  using  any 
small  parameter  characterizing  the  perturbation  (smpothness  of  transition,  value  of  material  parameter 
jump  at  the  junction,  etc.).  Numerical  investigation  of  the  fields  in  considered  waveguide  dielectric  struc¬ 
tures  can  be  efficienly  realized  by  using  the  methods  of  integral  equations  [2],  singular  integral  equations 

[3]  or  partial  domains  [4].  j-  *  u  j 

Nevertheless,  the  problem  of  excitation  of  electromagnetic  waves  m  the  domams  with  coordinate  bounda¬ 
ries  can  be  solved  conveniently  with  the  aid  of  the  Green’s  tensor  function  for  the  Hertz  vector  potentials.  Thus, 
in  [5]  they  are  built  for  homogeneously  filled  rectangular  waveguides  and  resonators  as  well  as  for  otherdo- 
mains,  whose  boundaries  partly  or  fully  coinside  with  coordinate  surfaces  of  an  orthogonal  cylindrical  coordi¬ 
nate  system  (including  rectangular  one).  Here,  solutions  of  the  vector  equations  for  the  Green’s  functions  were 
built  in  the  form  of  the  series  expansion  of  three  ( one  longitudinal  and  two  cross-sectional)  vector  functions  m 
terms  of  the  scalar  eigenfunctions.  It  turns  out  that  by  a  similar  method,  not  using  more  complicated  apparatus 
of  the  Green’s  field  functions,  one  can  solve  the  problem  of  excitation  of  the  considered  dielectric  structure  for 
longitudinal  (oriented  along  the  axis  of  the  waveguide)  given  currents.  The  present  paper  is  devot^  to  building 
the  Green’s  functions  of  magnetic  and  electric  types  for  the  sections  of  rectangular  waveguides  with  three-layer 

longitudinally-inhomogeneous  filling  excited  by  such  currents.  .  ,  _  .  ., 

Consider  three  types  of  waveguides  sections:  infirute  waveguide  (Fig.  1,  a),  semi-infinite  wavegutde 
(Fig.  1,  b)  and  rectangular  resonator  (Fig.  1,  c).  Let  us  introduce  a  coordinate  system,  whose  axis  Z  is  di¬ 
rected  along  the  axis  of  rectangular  waveguide  and  the  axes  x  and  y  along  the  contour  of  its  cross-section, 
that  is  along  the  wider  and  narrower  walls  having  dimensions  a  and  b,  respectively.  In  the  Figure,  longi¬ 
tudinal  sections  are  presented  with  indication  of  coordinate  boundaries  of  dielectric  layers  and  face  walls 
(all  the  walls  of  waveguide  structures  are  considered  as  perfectly  conducting). 

0 _ a _ a _ i  « — i - — i  J — — U 


,(si;ui) 


(e2;m-2) 


(BhUl) 


(e2;u2) 


(e3;H3> 


(Eplll) 


(E3;ti3) 


a) 


c) 


b) 

Figure  1. 

The  expressions  of  [5]  corresponding  to  the  case  of  longitudinal  given  currents,  for  the  Green’s  tensor 
functions  of  rectangular  waveguide  are  used  as  the  key  ones: 


^  sin  =  sm 


m,«=0 


ab 


mnx'  .  nny  mzy'  ,  e  /, 
abb 


(1) 
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(x,y,Z)  are  the  coordinates  of  the  point  of  observation;  functions  are  the  functions  of  elec¬ 


tric  and  ,h^^„{ZyZ')  of  magnetic  type,  respectively. 

Universality  of  expressions  (1)  lies  in  the  fact,  that  they  contain  dependences  on  the  longitudinal  co¬ 
ordinate  z  in  implicit  form  defined  by  functional  coefficients  It^^HzyZ')  =  .  They  should  be  found 

from  the  Helmholtz  inhomogeneous  equations  by  the  method  of  variation  of  arbitrary  constants  in  the 
layer,  where  the  given  currents  are  located,  and  from  the  homogeneous  equations  in  the  rest  layers  of  the 
dielectric  structure.  Such  an  approach  is  justified  because  for  a  waveguide  with  transversal  layers  of  dielec¬ 
tric  excited  by  the  longitudinal  currents  the  structure  of  waveguide  modes  remains  invariant,  and  this 
gives  an  opportunity  to  build  a  full  system  of  independent  transverse  and  longitudinal  vector  eigenfunc¬ 
tions  similarly  to  [5]. 

Unknown  coefficients  in  the  representations  of  the  functions  {s  is  the  number  of  the  dielectric 

layer)  can  be  found  from  the  sets  of  equations  obtained  from  the  boundary  conditions  for  on  the 

surfaces  of  dielectric  layers.  They  are  formulated  in  accordance  with  the  behaviour  of  normal  and  tangen¬ 
tial  components  of  unlaiown  vector  fields: 


/^e(M)  ^  ^e(M).  ^e(M)  ^  e(M)  ^^s+\ 

’  ''  dz  dZ  ' 


(2), 


where  =  l/e^  for  the  functions  and  of  =  l/p^  for  the  functions  hf  and  are  the  relative  di¬ 
electric  and  magnetic  constants  of  the  medium  in  the  layer  with  the  number  s,  respectively).  While  deriving  elec¬ 
tric  Green’s  function  on  the  face  wall  structures,  functions  must  satisfy  a  homogeneous  Neumann  bo  undary 

condition,  and  in  the  case  of  magnetic  Green’s  function  hf  must  satisfy  a  homogeneous  Dirichle  boundary 
condition.  For  semi-infinite  front  layers,  the  functions  must  satisfy  a  condition  of  radiation  at  infinity. 

The  obtained  expressions  for  the  functions  h^^\z^Z')  can  be  reduced  to  the  following  form,  in  the 
case  of  the  given  sources  located  in  the  layer  with  parameters  sp  pj : 


z<z'\ 


h^mnHz.Z')  =  \ 


F^^^\z,z')  -  —  ^mjiiz  -  z'),  z'  <z  <Z{; 

n 

Z>^2. 


(3) 


where: 

1)  in  the  case  of  infinite  waveguide  (Fig.  1,  a): 


=  -4jc| 


cos  y2(z2-z)+  Sin y 2 (Z2  -  z) 
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e(M) 
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/yi  V  1  2  _ 

2)  in  the  case  of  semi-infinite  waveguide  (Fig.  1,  b): 
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F^{Z,  Z')  =  -  — COSyjZ  •  ^myj:j'  -  tgyj^i  •  COSyi^'  + 
Yl 

471  . 


(5) 


F^(z,z')  =  —smyiZ-^osyiz'+tgyiZi-smjiz'-<t>'^iz')^f/cosyiZi) 

Yl  ^ 


Functions  and  ,  as  well  as  auxiliary  coefficients  and  are  analo¬ 

gous  to  the  case  of  infinite  waveguide  (4); 

3)  in  the  case  of  rectangular  resonator  (Fig.  1,  c): 


cos y 2(^2  “  z)  •  cos y 3(;22  “  0  +  ^  sin y 2(^2  z) sin  y  3(^2  0 

Y2^3 


Oj  (z)  =  47c 

g)2(^:)  =  47c cosy 3(2  -  /);  ~  siny 3(^  -  /); 
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(6), 
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r' j 

Expressions  for  the  auxiliary  coefficients  are  analogous  to  the  case  of  infinite  waveguide  (4),  and 

those  for  the  functions  and  F^^^\z>Z')  are  analogous  to  the  case  of  semi-infinite  waveguide  (5). 

By  the  same  method  the  functions  (z,Z')  can  be  obtained  for  the  given  sourc.es  located  in  the  other  layers 

of  the  dielectric  structure.  In  (4)-(7),  y?  =  kj  -  (tm  /  a)^  -  (m  j  bf ,  where  k,  =  is  the  wave 

number  and  0  is  the  frequency.  The  constructed  Green’s  functions  give  an  opportunity  to  deteimine  the  longitu¬ 
dinal  components  of  electric  nlix,y,z)  and  magnetic  n^(x,y,z)  Hertz  vectors  in  every  region  of  the  consid- 
ered  waveguide-dielectric  structures  in  the  form  of  a  volume  integral: 


1 


.ljf^\x',y',z')G^^^^dV, 


(7) 


47i/n«^(M,i)  y 

where  V  is  the  volume  of  the  s-th  layer,  in  which  the  givai  longitudinal  electrical  j^{x',y',z')  or  magnetic 


jf{x',y',z')  currents  are  located,  (e_j;(r^.)  are  the  parameters  of  dielectric  layer,  in  which  is  to  be  found.  The 

form  of  eiqiression  for  G'®^’^^  is  dffined  by  (1)  and  by  the  concrete  form  of  the  functions  h^n^{z,z')  ■  Based  on  the 

known  co^idents,  the  sought  dectromagnetic  fidds  are  detamined  with  the  aid  of  . 

Thus  the  constructed  Green’s  functions  of  the  sections  of  rectangular  waveguides  with  three-layer 
longitudinally-inhomogeneous  filling,  in  the  case  of  excitation  by  longitudinal  given  currents,  enab  e  one 
the  to  widen  toe  possibihties  of  mathematical  simulation  of  various  electromapetic  problems,  mcludmg 
problems  of  diffraction  on  inhomogeneities  inside  considered  waveguide-dielectric  structures. 
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Abstract 

In  the  search  for  low  cost  high  power  semiconductor 
diode  oscillator  device,  a  new  millimeter  wave 
evanescent  mode  power  combiner  with  Gunn  diode 
oscillator  at  35  GHz  employing  combination  of 
suspended  stripline  and  evanescent  mode  resonator  is 
developed.  With  a  35  GHz  diode  rated  at  100  mW, 
stable  power  output  of  more  than  180  mW  is  achieved 
over  a  tuning  range  of  about  3.5  GHz.  The  oscillator  is 
simple  in  fabrication,  cost  effective  and  is  amenable 
for  integration  with  other  planar  circuits. 

Introduction 

Gunn  diode  is  one  of  the  most  important  solid  state 
millimeter-wave  source.  It  exhibits  low  noise  and  a 
wide  operating  frequency  range  and  capable  of 
generating  power  100  mW  or  greater.  Although 
enhanced  power  output  can  be  easily  obtained  from 
IMPATT  devices,  these  are  usually  not  suitable 
because  of  higher  noise.  Therefore  employing  more 
than  one  diode  in  series  shows  promise  as  a  method 
for  increasing  the  output  power  of  these  devices  as 
millimeter-wave  oscillator.  Most  of  the  application  of 
Gunn  diode  oscillator  at  Ka-band  are  based  on  its 
compact  size,  light  weight  and  stability.  Some  of  the 
applications  are  in  missile-guidance  and  tracking, 
traffic  control  radar,  satellite  communication,  helmet 
mounted  trans-receiver  system  for  soldiers,  pattern 
recognition,  weather  prediction  etc. 

Millimeter  wave  oscillators  in  MIC  form  offer 
advantages  in  terms  of  small  size  and  ease  of 
integration  with  other  planar  circuits.  Since  an 
oscillator  forms  an  essential  part  of  a  millimeter 
receiver  front  end,  its  development  leading  to 
simplicity  of  fabrication  and  lower  circuit  losses  while 
retaining  the  advantages  of  MIC  fabrication  is  of 
considerable  importance.  Bulk  of  published  literature 
on  Gunn  diode  oscillators  are  in  waveguide  and 
microstrip  configurations  [1,2].  Recent  paper  [3]  has 
proven  feasibility  of  utilizing  Gunn  diode  oscillator 


employing  evanescent  mode  guide  as  a  resonator  in 
suspended  stripline  configuration.  Most  millimeter 
wave  Gunn  diode  oscillators  reported  in  MIC  form 
employ  microstrip  medium  with  Varactor  tuning  [4]. 
For  application  not  requiring  electronic  tuning, 
microstrip  oscillator  employing  evanescent  mode 
resonator  offers  an  attractive  cost-effective  solution. 
In  the  circuit  reported  [4],  Gunn  diode  is  mounted 
inside  a  section  of  evanescent  mode  waveguide  and 
resonance  is  achieved  by  tuning  out  the  capacitive 
reactance  of  the  diode  with  the  inductive  reactance  of 
the  evanescent  guide  section.  The  output  is  taken 
through  a  microstrip  electromagnetically  coupled  to 
the  evanescent  mode  guide.  It  is  well  known  that  in 
millimeter  wave  band,  the  microstrip  tends  to  be 
excessively  lossy.  A  low  loss  planar  transmission  line 
which  overcomes  this  problem  is  the  suspended 
stripline.  In  the  present  paper,  the  low  loss  feature  of 
the  suspended  stripline  and  the  inductive  property  of 
the  evanescent  mode  guide  are  utilized  to  realize  a 
simple,  small  size,  low  cost,  Ka-band  power 
Combiner,  with  broad-band  performance. 

Evanescent  Mode  Resonators 

Microwave  oscillations  in  an  evanescent  mode  wave 
guide  (EMWG)  were  first  observed  in  high  power 
TWTs.  The  occurrence  of  pass  bands  below  cut-off 
often  was  given  an  explanation  for  the  conditions,  and 
the  fact  that  this  phenomenon  can  have  useful 
applications  was  later  demonstrated  in  the  field  of 
passive  microwave  components.  Components  for 
microwave  integrated  circuits  with  EMWG  resonators 
which  is  having  very  high  value  of  quality  factor  was 
reported  [5],  and  the  properties  of  evanescent  mode 
resonator  as  now  are  well  understood.  In  this 
technique,  inductance  is  realized  by  a  short  section  of 
rectangular  wave  guide  below  cut  off.  It  is  well  known 
that  a  rectangular  waveguide  operating  at  a  frequency 
far  below  its  dominant  mode  cut-off  frequency 
behaves  like  a  pure  inductance,  and  therefore  stores 
magnetic  energy.  Resonance  conditions  are 
established  by  introduction  of  a  device  that  stores 
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electrical  energy,  such  as  active  devices  that  are 
capacitive  in  nature. 

An  EMWG  (evanescent  mode  wave  guide),  of  length 
L,  impedance  Z„  and  propagation  constant  y  can  be 
represented  by  a  n  section,  shown  in  Figures  1  and  2. 

In  present  power  combiner  circuit  shorted  end  it- 
section  EMWG  is  used.  The  main  feature  of  the 
equivalent  circuit  is  that  the  individual  elements 
closely  approach  genuine  lumped  elements.  The 
relationship  between  reactance  and  frequency 
normally  associated  with  a  distributed  network  is 
absent.  Broad-band  operation  should  therefore  be  a 
characteristic  of  active  device  (Gunn-diode)  used  with 
evanescent  mode  resonators  over  a  large  frequency 
range.  The  lumped  element  nature  is  considered  a 
problem  of  matching  the  impedance  of  an  active 
device  over  a  large  frequency  range.  If  distributed 
elements  are  used  for  matching  purposes,  the 
operating  bandwidth  is  degraded  due  to  the  parasitic 
pass  bands  associated  with  these  elements.  Normally, 
these  pass-bands  are  related  harmonically  to  the 
operating  frequency.  However,  with  evanescent  mode 
resonators,  as  long  as  frequency  of  operation  does  not 
exceed  the  cut-off  frequency  of  the  waveguide, 
additional  pass  bands  do  not  exist.  At  higher 
frequency,  parasitic  pass  band  are  possible,  but  these 
do  not  fall  at  harmonics  of  the  working  frequency. 


load  to  the  Gunn-diode.  A  dielectric  screw  is  inserted 
from  the  opposite  side  of  the  substrate  so  that  the 
diode  makes  firm  contact  with  the  strip  conductor. 
Unlike  in  [4],  where  biasing  the  diode  requires 
bonding  a  wire  to  the  anode,  in  this  configuration  DC 
bias  is  easily  provided  through  a  low  pass  filter 
printed  as  part  of  the  suspended  stripline  circuit.  The 
evanescent  mode  section  located  immediately  next  to 
the  diode  presents  an  inductive  load  to  the  Gunn 
diode.  Additional  tuning  screw  is  provided  in  the 
vicinity  of  the  diode  to  facilitate  the  tuning.  The 
output  can  be  taken  either  through  a  K-type  coaxial 
connector  connected  to  the  suspended  stripline  or 
through  a  Ka-band  rectangular  waveguide  via  a 
suspended  stripline  probe  transition.  The  latter 
arrangement  is  shown  in  Fig.3. 


Inductive  line 


1 _ _ Dual  Gunn  diode  location 

Fig.3  Layout  of  EMWG  power  combiner  in  suspended  stripline 


Fig  I  Length  of  the  EMWG  and  equivalent  circuit  (n-scetion) 

Fij2  Length  of  the  shorted  end  EMWG  and  equivalent  circuit  (it- 
section) 

Oscillator  Configuration 

As  illustrated  in  Figure  3.  the  oscillator  employs  a 
suspended  stripline  terminated  in  an  evanescent  mode 
guide  section.  The  evanescent  mode  guide  is  formed 
by  simply  extending  the  suspended  stripline  chanr^ 
(without  the  substrate)  with  reduced  dimensions.  The 
dual  Gunn-diode  Is  shunt  mounted  In  series 
configuration  at  the  end  of  the  suspended  stripline  so 
that  the  evanescent  guide  section  presents  an  inductive 


configuration. 

Equivalent  Circuit  and  Design 

Figure  4  shows  the  equivalent  circuit  of  the  oscillator. 
The  circuit  elements  L),  C]  and  Cj  constitute  a  tt- 
equivalent  circuit  representation  for  the  encapsulation 
of  the  diode.  The  diode  is  supported  in  the  channel  by 
means  of  a  brass-metallic  post.  This  post  is 
represented  by  a  T-network  composed  of  the 
capacitance  C,  in  series  and  a  shunt  reactance 
consisting  of  the  series  combination  of  an  inductance 
L,  and  a  capacitance  C,.  The  capacitance  due  to  tuning 
screw  is  represented  as  C„.  L  is  due  to  an  inductive 
line  printed  as  a  part  of  the  matching  network..  The 
capacitive  reactance  due  to  accounts  for  the  phase 
variation  of  the  field  across  the  post  in  the  direction  of 
propagation,  due  to  its  finite  diameter. 

The  oscillator  is  designed  at  35  GHz  by  considering 
the  following  main  aspects:  (i)  accurate  modeling  of 
the  resonant-region  taking  into  account  th? 
equivalent  circuit  of  the  dual-Gunn  diode,  admittance 
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due  to  the  mount  and  the  load  presented  by  the 
evanescent  mode  waveguide  (ii)  computation  of  the 
overall  impedance  of  the  above  network  and 
establishing  resonance  condition  (iii)  arrangement  for 
dc  biasing  the  diode  through  a  low  pass  filter  and  bias- 
suppresser  (iv)  the  transition  from  suspended  stripline 
to  Ka-band  output  waveguide. 

The  equivalent  dual  device  impedance  (where  Y^i 
and  Yjj  corresponding  to  MDT-diodel  &  diode!)  is  a 
strong  function  of  the  frequency  and  DC  bias  current 
and  a  weak  function  of  the  RF  current  and 
temperature.  The  equivalent  circuit  admittance  Y^  is  a 
function  of  only  the  frequency.  The  criteria  for  circuit- 
controlled  steady-state  oscillation  are  given  by, 
Im  (Yj  +Y, )  =  0  and  Re  |  (Y^ )  |  >  Re  j  (Y^ )  1  , 
where  Y^  =  +  j  ,  is  the  load  admittance 

transferred  to  the  equivalent  dual  diode  plane. 


Fig.4  Equivalent  circuit  of  power-combiner  EMWG  Gunn 
oscillator. 


Experimental  Results 

The  evanescent  mode  Power-Combiner  Gunn 
oscillator  as  configured  in  Figure  5  is  fabricated  using 
two  MDT  diode  (MG  1018-16)  rated  at  100  mW. 
Each  diode  and  its  resonant  condition  was  tested 
individually  and  optimised  maximum  power  at  desired 
frequency.  Two  diodes  were  than  stacked  in  a 
common  EMWG  and  tested  as  a  single  resonant 
assembly.  The  operating  current  for  the  dual  diode 
oscillator  was  1.09  Amp.  Biasing  the  diodes  from 
separate  power  supplies  or  single  power  supply  did 
not  make  significant  difference  in  the  results. 
Different  spacing  between  diodes  were  tested,  but 


only  small  change  in  frequency  and  power  was 
observed.  The  output  is  taken  from  a  Ka-band 
waveguide  via  a  suspended  stripline  probe  transition. 
Figure  5  shows  a  graph  of  the  measured  output  power 
versus  the  bias  voltage.  The  oscillator  offers  more 
than  180  mW  of  power  output  at  20°C.  With  a  variable 
short  provided  at  one  end  of  the  output  Ka-band 
waveguide  the  oscillator  could  be  tuned  over  a 
frequency  range  of  about  3.5  GHz  around  35  GHz. 
For  oscillator  requiring  coaxial  output,  this  tuning  is 
provided  by  the  tuning  screw  in  the  evanescent  guide. 

Conclusion 

A  new  configuration  of  a  suspended  stripline  Ka-band 
power  Combiner  with  two  Gunn  diode  employing 
evanescent  guide  as  part  of  the  resonant  circuit  is 
reported.  Further  more  the  evanescent  mode 
combining  concept  may  be  extended  to  two  to  more 
diodes  in  suspended  stripline  configuration.  The 
oscillator  permits  nearly  100  %  combining  efficiency, 
in  addition  to  offering  advantages  in  terms  of  low 
cost,  ease  of  biasing,  easy  tunability  over  a  bandwidth 
of  about  3.5  GHz,  small  circuit  losses  and  ease  of 
integration  with  other  planar  components. 
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NUMERICAL  ALGORITHM  FOR  THE  DESIGN 
OF  PLANE  JUNCTION  OF  TWO  WAVEGUIDES  WITH  ARBITRARY 
STEPPED  BOUNDARIES  OF  CROSS-SECTIONS 

Anatoly  A.  Kirilenko 

Institute  of  Radiophysics  and  Electronics  of  the  National  Academy  of  Sciences  of  Ukraine 
12  Akad.  Proskura  St.,  Kharkov,  310085  Ukraine 

The  usage  of  waveguides  with  nonstandard  cross-sections  or  pieces  of  such  waveguides  as 
fragments  of  complicated  diaphragms  or  frequency-selective  surfaces  is  now  a  cominon 
practice  in  microwave  engineering.  Therefore  the  general  key-buildmg  blocks  to  are  onented 
on  arbitrary  waveguide  geometry,  as  well  as  the  specialized  key  blocks  for  the  fixed  geometries 
are  needed  when  developing  the  software  for  exact  design  of  rmcrowave  devices.  We  shall 
discuss  here  the  computation  of  the  S-matrixes  of  a  plane  junction  between  two  different 
waveguides  with  arbitrary  stepped  boundaries  of  cross-sections.  H-  and  Il-waveguides  [1] ,  T- 
and  cross-shape  waveguides,  L-waveguides  and  waveguides  having  cross-section  stoar  to  the 
Jerusalem  cross  [2]  are  particular  cases  of  such  waveguides.  In  the  absence  of  an  exact 

specialized  algorithm,  the  approach  briefly  outlined  below  can  be  used  as  a  tentative  tool  of 
simulation  of  plane  junction  of  two  waveguides  with  nonstandard  smooth  cross-sectional 
boundaries  approximated  by  the  stepped  contours  [3] .  The  latter  approach  is  useful,  for 
example,  for  a  rapid  preliminary  estimation  of  “what  if?”  ideas  in  the  microwave  design,  before 

running  more  exact  specialized  algorithms.  ,  i  • 

Let  us  describe  the  waveguide  cross-sections  and  as  two  sets  of  rectangular  domains 
where  two  sides  of  each  of  the  latter  are  metallized  (see  Fig.l).  Similar  division  is  common  for 
the  majority  of  conventional  methods  of  such  waveguide  modal  basis  calculation  based  on  t  e 
mode-matching  technique  or  on  the  surface  integral  equation  for  the  fields  on  the  domam 
boundaries.  The  used  here  form  of  the  field  expansions  is  oriented  on  the  transverse  reson^ce 
method  where  the  above-mentioned  domains  can  be  treated  as  pieces  of  plane  wave^ides. 
Such  an  approach  is  the  most  convenient  one  within  the  frames  of  large  modehng  packages, 
where  a  set  of  various  plane  waveguide  key-building  blocks  enables  one  to  form  rapid  y  t  e 

disoersion  equations  for  the  most  complicated  cross-sections. 

^  Arbitrary  cross-section  of 

S,  considered  type  can  be  completely 

characterized  with  the  aid  of 
geometiy  matrix 

Gj0<y^ J„,0^*<3],  where 

,  .  .  .  _ _ _  7  is  the  number  of  domain,  J„  is 

Fig.l.  Cross-sections  of  two  connected  waveguides  the  total  number  of  domains,  m  is 
and  their  division  into  partial  domains  the  number  of  waveguide.  The 

elements  of  the  Mh  line  describe 

sequentially  the  abscissa  of  the  left  lower  edge  of  the  partial  domain,  the  ^ridth  of  the 
corresponding  waveguide,  the  ordinate  of  the  left  lower  edge  of  the  domain,  and  the  len^h  of 
the  plane  waveguide  section.  The  single  restriction  imposed  on  the  -matrices  is  as  follows, 
the  cross-section  of  the  i-st  waveguide  must  be  placed  completely  within  the  cross-section  of 


A 
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the  0-th  waveguide,  as  it  is  supposed  to  use  the  mode-matching  method  to  find  a  required  S- 
matrix.  In  the  opposite  case  it  is  possible  to  implement  a  “zero-length  virtual  rectangular 
vvavcguido''  having  the  cross-section  bounded  by  the  extreme  fragments  of  initial  boundaries. 
After  that  the  problem  is  reduced  to  two  standard  ones  and  to  the  assembling  the  final 
geometry  by  the  S-matrix  technique. 


When  calculating  the  coupling  integrals 
we  have  to  integrate  the  scalar  products 
of  two  electric  fields  of  eigenmodes  that 
are  defined  sectionally  at  a  set  of 
domains.  Therefore  an  additional 
preliminary  step  is  required  to  determine 
the  set  of  overlappings  among  all 


^ _ I  domains  of  and  .  This  procedure 

Fig.2  Overlapping  of  cross-sections  and  partial  sub-  consists  in  the  verification  of  the 
domain  of  overlapping  of  the  3-rd  domain  of  the  0-  systems  of  simple  inequalities,  defining 
th  WG  with  the  1-st  domain  of  the  1-st  WG  location  of  each  domain  of  the  d-th 

_ _ _ _ _ _ I  waveguide  relatively  each  domain  of 

the  /-St  waveguide  and  fixing  their  overlapping.  Such  an  operation  produces  a  matrix 
C/?[0  <  /  <  /  ,  0  <  yt  <  3]  that  characterizes  the  set  of  overlapping  sub-domains.  Here  i  is  the 
ordered  number  of  sub-domain,  I  <  JqJ^  is  the  total  number  of  sub-domains.  The  elements  of 
the  /-th  line  define  sequentially  the  numbers  of  corresponding  overlapping  domains  of  Sq  and 
Si ,  y'‘  and  y^"  are  the  ordinates  of  the  lower  and  upper  boundaries  of  the  /'-th  overlapping 
sub-domain,  respectively.  The  problem  of  calculation  of  the  matrix  of  coupling  integral  consists 
in  summing  up  the  partial  integrals  over  the  set  of  overlapping  sub-domains  according  to  the 
C/?-matrix.  Thus,  for  the  “p”-th  mode  of  the  0-th  waveguide  and  the  “s”-th  mode  of  the  1-st 
waveguide  we  have  the  following  coupling  integral,  where  denotes  the  ^  -  th  domain  of 
cross-section 


ffL,  =  JJ  e,e.  ds=ZI. 


*=0  j=0  s{0.k)^g{ij) 


.(0)  ^(1)' 


A-U,-l 


*=o  y=o 


Suppose  now  that  the  mode  bases  of  both  waveguides  have  been  found  and  ordered  by  a  set  of 
transversal  wave  numbers- where  v=0,l  and  s=0,l,2,..  are  the  number  of  the  waveguide 
and  of  the  mode  in  this  waveguide,  respectively,  and  by  corresponding  set  of  vectors  of  the 
Fourier-amplitudes:  of  expansions  of  the  Hertz  vector  within  eachy-th  domain. 

Here  we  emphasize  the  standard  character  of  sub-domain  geometries  (see  Fig.2-metallized  side 
walls  and  open  or  shortened  upper  and  lower  walls)  and  standard  presentation  of  eigenmode 
fields.  It  becomes  clear  that  this  is  a  proper  way  to  develop  a  generalized  algorithm  for  the 
analysis  of  junction  between  two  waveguides  with  stepped  boundaries,  based  on  a  standard 
procedure  of  calculation  of  partial  coupling  integrals  for  arbitrary  sub-domains. 

The  latter  have  the  form  of  the  double  sums  and  up  to  the  constant  determined  by  the  chosen 
normalization  of  the  eigenmodes,  we  have,  for  example,  for  the  ZE-waves  in  both  waveguides: 
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N 

n™  =  I  '^pn^n  ^  '‘^mTsm^rm  ’’sm'^nm’^  rm 
n=Q  "  ‘  w=0 

N  ^  i 

y  .(%(*)  y  ,®WfaC/)e*a  -b<J)e'>'>  )cc  + 

“  I-  '^rin“m  ^  snrsm^nm  sm  nm’^  run 
n=0  w=0 

N  ^  i 

^  y  /?(*)«(*)  y  +b^'>e‘’’’  )ss  + 

’^LrPy^  ^pYi  ^  Pfn  '^^srnnm^  sm  nm^  nm 

n=\  ^  m=\ 

N  ^  i 

+  L  P)j  ^pfi  ^  Pm  ^^sm^rmr^sm  nm^  nm 
n-l  ^  m=l 


where,  for  example, 


J.j) 


Jk)’ 


/  \\ 


Such  an  algorithm  was  first  realized  in  a  general  form  by  V.  I.  Tkachenko,  as  a  C-h-  code  and 
has  been  tested  for  the  plane  junctions  of  rectangular,  ndged  and  double-ndged  wavegiudes^ 
After  developing  a  generalized  algorithm  of  the  search  for  the  eigenmode  ^^^^es  of  generahzed 
waveguides  with  piecewise  boundaries  specified  by  their  G-matnxes,  we  shall  obtai 
extremely  powerful  and  versatile  tool  for  high-precision  microwave  CAE. 
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NUMERICAL  INVESTIGATION  OF  MULTIPLE  RECTANGULAR  APERTURE 
IRISES  IN  RECTANGULAR  WAVEGUIDE 

L.  P.  Mos’pan,  A.  A  Kirilenko,  V.  I.  Tkachenko 

Institute  of  Radiophysics  and  Electronics  of  the  National  Academy  of  Sciences  of  Ukraine 
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It  is  known  that  rectangular  irises  are  conventional  elements  of  microwave  waveguide 
circuits.  However  application  area  of  them  is  limited  essentially  by  their  low  quality  factor. 
Using  multiple  aperture  irises  makes  it  possible  to  design  circuits  with  non-conventional 
features.  For  example,  a  design  of  easy  manufactured  bandpass  filters  based  on  multiple  irises 
with  four  equal  apertures  was  reported  in  [1].  Frequency  response  of  multiple  rectangular  irises 
with  different  apertures  was  firstly  studied  in  [2].  It  appears  that  such  irises  have  a  bandstop 
feature  but  this  attractive  result  has  been  obtained  on  the  basis  of  approximate  model.  So, 
development  of  proper  rigorous  model  is  of  particular  interest.  The  purpose  of  this  paper  is  to 


a)  b) 

Fig,  1  Multiple  rectangular  aperture  iris 

develop  rigorous  numerical  models  of  multiple  rectangular  irises  with  different  apertures  and  to 
study  their  fi-equency  response. 

The  structure  under  consideration  is  shown  in  Fig.  la.  It  represents  itself  a  multiple  iris 
placed  in  a  rectangular  waveguide.  Iris  cross-section  contains  arbitrary  number  of  different 
rectangular  apertures.  Exact  numerical  model  of  the  structure  has  been  developed  by  solving  a 
adequate  discontinuity  problem,  that  is  N-fiircated  double  plane  discontinuity.  Solution  of  this 
problem  was  obtained  by  the  mode-matching  technique.  S-matrix  of  multiple  aperture  iris  was 
obtained  from  the  S-matrix  of  discontinuity  with  the  aid  of  the  generalized  scattering  matrix 
technique.  To  examine  the  validity  of  developed  model,  irises  with  single,  two  and  three 
apertures  were  studied  numerically.  Obtained  numerical  results  were  compared  with  numerical 
and  experimental  data  cited  in  [1,2,3],  and  a  good  agreement  between  them  was  observed. 
Besides,  the  phenomenon  of  the  relative  convergence  of  obtained  solution  and  the  problem  of 
choosing  the  optimal  number  of  modes  inside  iris  apertures  were  also  studied  to  provide 
accurate  results. 

As  it  was  reported  in  [4],  fi’equency  response  of  a  multiple  iris  with  at  least  two 
different  apertures  has  two  resonances  corresponding  to  the  total  transmission  and  one 
resonance  corresponding  to  the  total  rejection.  In  order  to  reveal  a  mechanism  of  forming  the 
latter  resonance,  numerical  studies  were  carried  out  for  the  iris,  whose  cross-section  is 
presented  in  Fig.  lb.  The  iris  cross-section  contains  three  rectangular  apertures  located  one 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


MMET’98  Proceedings 


391 


under  another.  Upper  and  bottom  apertures  have  equal  dimensions.  The  thrd  apertu  e 
different  dimensions  is  located  symmetrically  between  them.  Numencal  stadies  were  earn 
«„t  f^r  «  nf  three-apertiire  irises  placed  in  rectangular  22.86x10.16  mm  waye^ide 

^to'theTin^e^mode  frequency  range.  Scattering  parameters  of  the  irises  were  calculat^ 
accounting  for  100  to  120  H-modes  and  a  proper  number  of  E-modes  m  the  circuit.  A  required 
number  of  E-modes  was  taken  in  such  a  manner  that  maximum  transversal  wave  numbers  of 
ml  and  E-mode  were  equal.  The  number  of  H-  and  E-modes  inside  ms  apertures  were 

taken  respectively  to  their  cross  section  dimensions.  ^ 

L  effect  of  changing  the  dimensions  of  iris  apertures  on  the  ms  frequency  response 
has  been  numerically  studied  for  the  irises  with  different  dimensions  ^  ^ 

first  example,  the  iris  with  central  aperture  of  16.86  by  ^  ^2  mm  is  considered.  The  heigh^^ 
the  upper  and  bottom  apertures  is  2.52  mm,  whereas  the  wdth  of  them  is  changed  from  7  rm 
to  22  mm  Frequency  responses  versus  K-&JX  for  of  this  iris  are  presented  m  Fig^  or 
values  of  aj  All  the  above  mentioned  resonances  are  observed  on  the  plots  for  the  ms  with 
Ingres  ^de  dimensions  of  which  are  close  to  each  other.  While  chan^ng  a.  in  such  a 
iLmer  that  az  and  ai  are  close,  the  character  of  frequency  response  itself  is  not  changed 
XL  a.e  resonant  frequencies  of  total  rejection  resonance 
resonance  are  shifted.  The  band  of  rejecuon  resonance  is 
frequency  of  the  second  total  transmission  resonance  r^ins  the 
exLple  the  iris  with  central  aperture  of  22.86x1.52  mm  is  considered.  The 
uppCT  and  bottom  apertures  az  =19  mm  whereas  the  height  of  the  upper  and  bottom  apertures 
bz  is  changed.  Frequency  responses  of  the  iris  are  presented  in  Fig.  3  for  different  values  of  b^ 
It  reveals  that  the  effect  of  changing  the  height  of  upper  and  bottom  apertures  J  ®  ^ 
frequency  response  is  essentially  less  than  the  one  of  changing  the  wide  dimension  of  them 


Fig  2  Frequency  response  of  three  aperture  iris  for  different  values  of  tottom  and  upper  apertures  iviAh  a^ 
although  it  leaSto  similar  results.  Changing  the  dimensions  of  the  centrd 
Lilar  effect  on  the  iris  frequency  response  as  changing  the  dimensions  of  upper  and  bottom 
apertures  Similar  results  were  obtained  for  a  five-aperture  ms,  cross  section  of  w  c 
cLSned  two  pairs  of  equal  apertures,  located  symmetrically  with  respect  to  the  central 

apertur^^^^^^_  to  obtained  data,  the  lower  resonant  frequency  corresponding  to  the  to^ 
transmission  resonance  is  determined  mainly  by  the  dimensions  of  the  aperture  having  the 
Zter  width-  the  upper  resonant  frequency  corresponding  to  the  total  transmission  reson^ce 
ns  mSy  by  the  dimensions  of  the  aperture  having  the  smaller  widtk  Rejection 
resonance  is  forced  by  “combining”  the  frequency  responses  of  the  ms  apertures.  By  choosing 
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appropriate  dimensions  of  the  iris  apertures  (i.e.  by  playing  with  electromagnetic  interaction  of 
iris  apertures),  it  is  always  possible  to  achieve  high  quality  of  rejection  resonance  (see  Fig.4), 
which  has  the  sajne  nahire  as  eonventional  rejection  resonanse  known  before.  Rejection 
resonance  at  a  desired  frequency  with  a  required  quality  factor  can  be  obtained  easily  by 
choosing  proper  dimensions  of  the  iris  apertures.  So,  it  is  obvious  that  the  rejection  filters 
based  on  the  multiple  rectangular  aperture  irises  can  be  designed,  and  such  filters  are  easy  in 
manufacturing  because  of  their  simple  geometry. 


Fig.  3  Frequency  response  of  three  aperture  iris  for  different  values  of  bottom  and  upper  apertures  height  b2 


TJ 


Fig.  4  Transmission  loss  for  two  different  three  aperture  irises 
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Abstract.  The  problem  of  finding  the  scattering  matrix  coefficients  slot  in  a 

waveguide  filled  with  a  layered  dielectric  is  under  consideration.  The  difficulties  of  representa¬ 
tion  of  the  field  excited  by  a  longitudinal  magnetic  current  in  the  source  region  are  discussed. 
The  new  way  of  this  representation  is  proposed,  ensuring  convergence  of  the  excitation  sou- 

fotroduction.  There  are  different  ways  of  an  excitation  problem  solution  for  ^  arbitraiy  mag¬ 
netic  current  in  a  waveguide.  The  solving  of  this  problem  is  n^essary  for  obtaimng  the  scat¬ 
tering  matrix  elements  of  slot  inhomogeneity.  The  field  is  to  be  found  in  the  ^  ® 

is  loLed.  In  the  case  of  a  longitudinal  slot  the  problem  can  be  easily  solved  for  an  empty 
waveguide  but  not  for  the  waveguide  filled  with  a  layered  dielectric.  The  mam  reason  of  it  con¬ 
sists  of  the  impossibility  to  construct  the  Green’s  function  for  a  vector  potential  when  the  me- 
in  a  waveguide  is  layered.  The  Green’s  function  for  a  field  and  the  eigenwaves  method 
are  followed  4th  the  solution  which  is  not  admissible  for  calculations.  The  essence  of  this 
problem  and  one  of  the  ways  of  overcoming  it  are  discussed  in  this  paper^ 

The  main  part.  Let  us  consider  a  waveguide  filled  with  three-layered  dielectnc  m  parallel  to 
the  narrow  walls  of  the  waveguide.  The  permittivities  of  layers  are  Sj,  82,  S3.  The  longitudi¬ 
nal  slot  of  length!  and  width  d  is  cut  in  the  broad  wall  of  the  waveguide  over  one  of  the  lay¬ 
ers  The  electric  field  can  be  found  from  the  magnetic  field  continuity  condition  on  the  slo 
surface.  If  we  use  the  Galerkin  method  with  e„  («=1, 2,  3, ...)  as  a  basis  set  for  finding  e, ,  it  is 

necessary  to  find  the  field  under  the  slot  excited  by  the  magnetic  current  J”*  equivalent  to  e„  . 

In  the  case  of  an  empty  waveguide  this  field  can  be  found  with  the  aid  of  magnetic 
vector  potential  for  which  the  Green’s  function  is  constructed  using  the  set  of  the  mdependent 
vector  eigen  functions  of  the  waveguide  cross  section 


where 


Vx",  zV , 

(1) 

„  .  rnivc  .  rmy 

xi;'"  -  sin  sin  , 

a  0 

(2) 

„  mice  wiry 

Y  =cos - cos  , 

^  a  b 

(3) 

m,n  =0, 1, 2, ...;  a,b  are  the  dimensions  of  the  broad  and  narrow  waveguide  wall,  respectively. 


It  was  shown  in  [1]  that  the  independence  of  the^fimctions  (1)  is  due  to  the  fact  that 
they  originate  fi-om  the  fuU  set  of  vector  eigen  functions  L ,  M  and  iV  intioduced  by  Hansen 
[2]  The  set  (1)  is  available  because  the  boundary  conditions  for  £  and  M  are  the  same.  The 
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transverse  eigen  values  for  the  eigen  vectors  are  the  same  as  well.  All  this  enables  one  to  unite 
all  these  functions  under  a  common  operation  of  summation  and  obtain  the  convergent  series 
for  the  required  field.  This  is  valid  for  an  infinite  waveguide  with  a  homogeneously  filling. 

Another  situation  is  taking  place  in  the  case  of  layered  filling  of  a  waveguide.  The 

boundary  conditions  for  the  functions  L,M  and  N  on  the  boundaries  of  adjacent  layers  of 
dielectric  are  diflferent.  Their  eigen  values  are  to  be  calculated  fi-om  different  dispersion  equa¬ 
tions.  So,  the  set  (1)  of  independent  transverse  and  longitudinal  functions  cannot  be  con¬ 
structed.  It  does  not  give  an  opportunity  of  traditional  Green’s  function  construction  for  the 
vector  potential.  As  a  consequence,  the  Green’s  function  for  a  field  or  the  eigen  waves  method 
(EWM)  [3]  is  to  be  used  in  order  to  obtain  the  required  field  in  the  source  region. 

There  are  two  ways  of  Green’s  fimction  construction  depending  on  a  choice  of  longitu¬ 
dinal  direction:  along  the  waveguide  axis  or  normally  to  it  (or  to  the  boundaries  of  the  adjacent 
layers).  The  first  way  was  used  in  [4  -  6],  the  second  in  [7,  6].  When  the  source  is  a  magnetic 
current,  neither  the  first  way-Green’s  function  nor  the  eigen  waves  method  yields  a  solution 
suitable  for  calculations.  The  structure  of  the  solution  obtained  with  EWM  [3]  is  as  follows: 

jm 

s  s 

Here  are  the  vector-functions  representing  magnetic  field  of  the  mode  indicated  with 
index  s ,  C±s{z)  are  the  amplitude  coefficients  depending  on  the  coordinate  z  within  the  source 

region,  z®  is  the  unit  vector  along  the  z-axis,  <o  is  the  fi-equency,  is  the  absolute  magnetic 
permeability,  is  the  projection  of  the  vector  of  volume  magnetic  current  density  on  the  z- 
axis. 

Volume  density  is  connected  with  the  surface  density  by  the  relation: 

JT  =  (5) 


where  5(y)  is  the  Dirac  delta-function. 

It  means  that  the  third  term  in  (4)  is  divergent,  so  are  the  first  two  sums.  The  same  situation 
occurs  when  the  first  way-Green’s  functions  for  the  field  are  used.  Using  the  second  way- 
Green’s  functions  is  equivalent  to  solving  the  non-homogeneous  Maxwell  equations  fi'om  the 
very  beginning  with  the  aid  of  the  Fourier  integral.  It  requires  an  integration  in  the  complex 
plane  using  the  residue  theory  and  results  in  very  complicated  expressions  for  the  required 
field. 

The  most  compact  expressions  could  be  obtained  if  the  third  term  m  (4)  is  laid  out  in 
series  and  united  somehow  with  the  first  two  terms.  But  the  problem  in  the  proper  choice  of 
basis  functions  to  be  used  in  the  expansion.  In  [1],  it  was  shown  that  the  additional  term  in  (4) 
is  exclusively  due  to  the  compulsory  presence  of  potential  fimctions  in  the  expressions  de¬ 
scribing  the  field  inside  the  source  region.  This  leads  to  conclusion  that  this  term  in  (4)  is  to  be 
expanded  using  only  the  potential  basis. 

The  potential  eigen  functions  L  are  as  follows: 
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L  =  V(p, 


where  cp  satisfies  the  equation 


A(()y  +  =0, 

with  j  denoting  the  number  of  the  dielectric  layer,  and  boundary  conditions 

dn 


^  =  0 


a(p  •  9(py+i  . 
Ity  =  1^/+1  -id— 


(6) 

(7) 

(8) 
(9) 


dn 


at  the  perfect  metal,  and  at  the  boundaries  of  adjacent  layers,  respectively. 

Eauations  (8)  and  (9)  lead  to  the  dispersion  equations  for  determining  the  eigen  values  of  the 
SZ  SuL  of  (7)  gives. he  Mnite  set  of  orthogo,.!  fimohom,  wheh  were  used 

for  the  expansion  of  the  extra  term  in  (4).  All  three  fiinctions  £,  M  and  JV  have  the  same 

eigen  values  ^  along  the  namow  wall  in  die  eross  section.  So  three  series  in  (4)  can  be  united 

under  the  signrf  sum  over  the  index  n.  The  terms  of  this  series  are  ttnee  sums  over  the  eigen 

values  obtained  from  three  dispersion  equations  for  Z,  M  and  N  functions,  or  potential 
functions  and  IM-  and  LE-waves.  It  was  numerically  shown  that  these  terms  converge  to  zero 

not  worse  than  l/«^  .  It  means,  that  the  series  obtained  is  convergent. 

Conclusions  On  the  ground  of  investigations  of  this  paper  it  is  clear  that  the  excitation  prob- 
Sra  waw^de  ^.h  iayered  dieJtrie  excited  with  a  magneue  currem  could  be  solved  by 
using  two  method.  One  can  either  apply  the  Green’s  function  technique  to  the  ° 

to  the  boundaries  of  adjacent  layers,  or  modift-  EWM  expanding  the  extra  term  m  terms  of  the 

potential  vector  eigen  fiinctions. 
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ABSTRACT 

This  paper  presents  a  solution  of  the  problem  of  symmetric  wave  diffraction  on  a  set  of 
identical  periodical  elements  in  circular  waveguide.  Each  period  includes  elementary 
inhomogeneities  such  as  ring,  radial  diaphragm  or  resistive  film,  and  adjusting  magnetodielectric 
spacers.  Period  can  be  equivalently  characterized  as  a  four-pole.  Analytical  formulas  for  the 
scattering  coefficients  are  obtained  by  using  the  matrix  polynomial  theory.  In  these  formulas,  the 
indices  of  Mauguin  polynomials  depend  on  the  number  of  identical  elements  in  the  waveguide. 

GEOMETRY  AND  METHOD  OF  SOLUTION 

The  analyzed  section  of  a  circular  waveguide  consists  of  N  identical  elements  with  «period»  L. 
The  waveguide  has  radius  a.  Each  of  identical  elements  contains  two  magnetodielectric  spacers. 
The  spacers  have  different  widths  bj  {bj  +  b2  =L)  and  are  specified  by  permittivity  Sj  and 
permeability  pj.  There  is  a  thin  resistive  film  (RF)  or  a  nondissipative  anisotropic  conductive  film 
(D)  of  equivalent  conductivity  7„  between  them.  We  suppose  these  elementary  inhomogeneities 
do  not  transform  the  incident  field.  That  is  why  we  can  describe  the  basis  element  (period)  by  a 
transfer  matrix  of  an  equivalent  four-pole  T(tik).  The  filling  material  in  the  input  and  in  output 
waveguides  is  characterized  by  the  permittivities  So,  Sj-  and  permeabilities  po,  Pt,  respectively 
(Fig.  1). 

Either  Eon  -  (s  =  e)  or  Hon  -  (s  h)  mode  diffraction  problem  is  considered  with  the 
exp(-icot)  time  dependence.  The  amplitudes  of  the  modes  in  the  right  direction  of  propagation  are 


Fig.  1 .  Waveguide  inhomogeneities 
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denoted  as  and  in  the  opposite  direction  as  B„.  The  amplitudes  of  propagating  waves  on  the 
shadow  border  (between  the  Mh  and  (A^+  1)-ih  media)  are  related  in  such  a  way  that:  Am^OoAn^i, 
BN=boAM+i.  The  coefficients  Oo  and  bo  depend  on  the  filling  material  of  the  output  waveguide 
{z^L).  For  example,  if  67=8},  \ii,  then  ag  =tii,  bo  —ti2-  The  relation  between  the  amplitudes 
at  the  m  -plane  {z=mL*,  m=1,2,  and  the  amplitudes  at  the  borders  of  the  section  (z=0‘)  is: 


1 

r.  +  r, 

I 

+l 

U.J 

CM 

II 

±(r<,-r,) 

fA  ^ 

^N-m 


( n  A  \ 


(1) 


The  upper  sign  in  (1)  corresponds  to  the  Hon  ”  mode  and  the  lower  sign  corresponds  to  the  Eon 
mode  with  the  wave  admittances:  Y]  =  \l  -  (vo„/A:a  ^ 

Yj  =  y  ]  ^  ’  respectively,  where  jUon  and  Von  are  the  zeroes  of 

the  Bessel  functions  of  zero  and  first  order. 

Since  the  determinant  |t1=7,  the  roots  of  the  characteristic  equation  ^  +  -X  =  0,  where 

X  =  t^i+t 22,  satisfy  the  condition:  =  ^2  V  This  feature  and  the  matrix  polynomial  theory  [1] 

enable  us  to  obtain: 

rpm  _  ^11^ni  ^m~1  ^12^m 

f  P  _  P  ’ 

^21^m  ^22^m  ^m-1 

where  P^{x)  =  are  the  Mauguin  polynomials  [2].  These  polynomials  satisfy 

the  recurrence  formulas:  Po=0,  Pi=1,  P2=X,  Pm"=XP m-i-P om-2- 

To  obtain  the  reflection  coefficient,  R  =  BjAo,  and  transmission  coefficient 

T  =  A^^i  I  Aq  ,  the  transfer  matrix  of  the  basis  element  must  be  determined. 


TRANSFER  MATRIX  OF  A  BASIS  ELEMENT 


The  corresponding  periods  /  of  a  ring  and  radial  diaphragms  are  significantly  smaller  than  the 
wavelength  X  {ae  »  kl/zr  «1).  Such  a  feature  of  the  diaphragms  allows  considering  them  as 
nondissipative  anisotropic  conducting  films.  Two-side  equivalent  boundary  conditions  (EBC)  are 
valid  for  them.  In  the  local  coordinate  system  (?  is  the  parallel  unit  vector  along  the  strip 
direction,  r  is  the  normal  unit  vector  to  the  strip  direction,  z^  is  the  normal  vector  to  the 

diaphragm  plane),  EBC  take  the  form  [3]: 


iY;E,  =  (?,  [zo  ,H,-H2  ])+  i -  S2E,2  ), 


k  ds 
M  d 


(3) 


where  M—(jUi+/U2)/(si'^S2),  Xp—dB(si+£2)If^0.5(1-u),  Y^p  -(/Ji+/J2)/(dsIn0.5(1  +u)), 

u  =  cos(7idll)  is  the  filling  parameter.  For  a  resistive  film  (7^)  we  use  resistive  boundary 

conditions  [4]: 
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Besides  of  these,  a  basis  element  includes  the  boundaries  between  half-infinite 
waveguides  with  the  admittances  7/,  7/  regular  sections  with  the  propagation  constants: 

_  ^k^SjjUj  -  MLiyL)!^^  ’  j  =  1,2.  Application  of  these  expressions  yields  a 

transfer  matrix  T  for  Eo„  -  and  Uon  -  modes  with  the  following  elements: 


i„  =  {(r,  +  y,  ir,  +  r,  +  y.‘  )e;e; + (r,  -  r,  )(y,  -  r,  +  r;  )e;e; } 

=  ±  {(r,  -  r,  ir,  +y,+  r:  )e,-e; + (r,  +  r,  )(y,  -  r,  +  r;  )e;e;  I 

4Y1Y2 

|y,  +  r,  ir,  -  y,  -  y:  )e;e; + (y,  -  y,  Xy,  +  y,  -  r.'  )e;e;  1 


(4) 


hi  =± 


4YJ, 


>22  =—{(!'.  -r.Xr,  -n  -y;)e;e;+{y, +y,Xy,  +y.  -y;)e;e;}, 

47^72 


where  e*  =  exp(±  ihjb^ ) .  In  (4),  the  upper  sign  corresponds  to  the  Ho„  -modes  and  the  lower  sign 

to  the  Eft,  -modes.  The  type  of  the  excitation  mode  determines  the  values  of  wave  admittances  and 
propagation  constants.  In  view  of  this  reason  we  must  choose  also  the  wave  admittances  Yj  and 
the  propagation  constants  hj  (j=1,  2).  The  admittance  YJ  characterizes  an  equivalent  conductivity 

of  the  localized  discontinuity.  For  a  resistive  film:  YJ  =  YJ  =  7^ .  In  the  case  of  the  ring 
diaphragm:  YJ  —iYj ,  YJ=iYp,  and  of  the  radial  diaphragm:  Y^  —iYp{l  +  f  ), 

YJ  =  iY;  /(l  +  r  \  where  }m / {kaf  . 

If  the  admittance  of  the  illuminated  layer  (Yo)  is  the  same  as  the  admittance  of  the  input 
waveguide  (7/-),  the  formulas  for  the  reflection  {R=^B^/A-i)  and  transmission  coefficients 
(r=4iv+i/40  are  quite  simple: 

T  =  ~  Pn-2)'^^0^12^N-i\  ^  ~  [‘^ohl^^N-l  '^^0^22^N-1  “-^^-2)]^^  (^) 

Presented  solution  enables  one  to  investigate  (by  choosing  ao  and  bo)  both  reflecting  structures 
(Yr-^00),  and  transparent  structures. 


CONCLUSION 

Presented  method  is  universal  to  any  types  of  periodic  waveguide  structures,  composition  of  their 
basis  elements,  or  open  or  closed  nature  of  transmission  lines. 
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Discontinuities  that  are  uniform  along  one  of  the  transversal  axes  form  a  wide  class  of 
conventional  elements  of  rectangular  waveguides;  H-  and£-plane  bends  and  and  £- 

plane  tees  and  cross-junctions,  different  bifurcations,  and  so  on.  ^  the  other  hand,  their 
mathematical  models  in  the  5-matrix  form  are  often  used  m  the  calculation  of  more 
compUcated  discontinuities,  in  particular  3D  ones.  There  is  one  more  reason  to  consider  such  a 
class  of  elements  in  the  calculation  of  M-wave  5-matrices  as  a  special  group,  but  not  as  a 
particular  case  of  corresponding  3D  structures.  The  matter  is  that  the  3D  boundary-va^ue 
problems  for  such  structures  may  be  reduced  to  a  set  of  2D  ones.  The  investigation  of  the 
latter  has  a  long  history  and  there  are  sophisticated  methods  of  such  problems  wiving  that 
heavily  take  into  account  geometrical  peculiarities  and  are  much  more  efficient  than  general 
methods  usually  used  for  the  analysis  of  3D  discontinuities.  It  is  a  well  know  fact  that  m  the 
case  of  2D  structures  the  residue-calculus  method  is  the  most  efficient  one  for  the  wavegui  e 
steps  method  of  inversion  of  difference  part  of  matrix  operators  is  the  for  F-plane  angled 
bendi  standard  mode-matching  procedures  are  the  best  for  90 «  waveguide  crosses,  moment 
methods  that  take  into  account  field  singularities  is  well  tailored  for  waveguide  bifurcations, 

steps  and  other  discontinuities,  etc.  ..i.  p  .^  • 

In  view  of  these  reasons,  in  the  development  of  modeling  softwares  based  on  the  5-matnx 
technique,  it  makes  sense  to  work  out  a  special  tool  that  produces  full-wave  5-matnces  of  the 
structures  of  interest  by  using  well-known  algorithms  for  a  solution  of  corresponding  scalar 
problems.  Let  us  define  as  {2M“  }  and  {tE"  } ,  a  rectangular  waveguide  basis  in  terms  of  the 

modes  of  magnetic  (7M)  or  electric  (TE)  type,  the  field  of  which  is  normal  to  the  axis 
Oa  (a  =  x,y,z) ,  so  that  the  total  field  can  be  expressed  in  terms  of  the  corresponding 
E(H)^  -component.  In  the  case  of  V-port,  the  structure  of  which  is  uniform  along  the  Oy  axis, 
modaTbasis  of  [tE^]  type  is  related  with  {ZM^},  [TE^]  one  by  the  following 

equations; 


r 


tlTt 


mz 

W,  klx^  a  , 


where  ^  is  the  propagation  constant  of  a  considered  mode,  =  (Dyje^,  , 

X  =  ^{m^lay+Hbf,  k^  =  ^kleM-{n7c/hf ,  N„„  is  the  norm  of  mode 

defined  relatively  to  the  transversal  electric  field. 
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Denote  the  elements  of  the  scattering  matrix  of  considered  3D  device  as 

/•  /=1  r  N  is  a  nnrt  number.  We  define  the  index  as  a  maximum  value  of  n  along 
all  n,  and  as  maximum  value  of  m  for  a  fixed  n  in  the  t-th  port.  To  find  .S-matrix  of  im¬ 
port  in  a  standard  |2M''|and  j  modal  basis,  it  is  sufficient  to  calculate  the  following  set 
of  ^'-matrices  for  corresponding  2D  discontinuities  (scalar  boundary-value  problems): 

5e;f  withn=0,l,....  rf^  ( -modes,  Dirichlet  problem), 

withM=l,2....w”“  ( -modes,  y=  1,2... iV,  Neumann  problem). 

When  solving  the  corresponding  scalar  boundary-value  problems,  the  wave  number  k  must  be 
replaced  by  for  each  n.  So,  the  time-consuming  problem  of  foil-wave  ^'-matrix  calculation 

is  reduced  to  the  solving  of  + 1  simpler  scalar  problems.  Having  the  set  of  matrices  Se„ 

and  one  can  find  the  resulting  ^'-matrix  in  the  j  and  j  modal  basis  by  the 

following  algorithm.  Firstly,  if  for  the  given  spatial  uniformity  of  our  JV-port,  we  have 

that 


s[m^  <r-TE^)  =  s[TE^ 


Secondly, 

s(TFJ4r-TE^Y 


Similar  expressions  are  valid  for  S[TE‘  <t-  and  S{7M‘  -e- 

scattering  matrix  coefficients. 

With  the  aid  of  above  described  common  scheme,  algorithms  for  calculation  of  foil  wave  S 
matrices  for  the  rectangular  waveguide  discontinuities  such  as  tee,  symmetrical  and 
nonsymmetrical  one-side  step,  and  bifurcation  were  worked  out.  Let  us  demonstrate  the 
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efficiency  of  the  proposed  “scalarization”  approach  in  tta  problms  of  a  double-side  step  and  a 
resonant  diaphragm  in  rectangular  waveguide  that  are  shown  m  Fig.  . 


The  first  structure  (see  Fifr  la)  is  considered  as  a  sequence  ^  ^  ^  j  J,. 

steps  with  the  length  of  coupling  waveguide  /-O  (virtual  wavegmde).  Calm 
wSe  s“atrix  fof  each  2D  step  was  performed  by  the  “scalanzanon”  approach  (mod^ 
ZSikg  tmhnique  was  used  for  calculating  the  set  of  2D  scalar  steps),  and  ffien 
neneSfed  S-ma^  technique  was  appUed  for  3D  step.  The  last  technique  was  apphed  ^so  to 
LalvK  the  resonant  diaphragm  as  a  junction  of  two  double-side  steps  at  the  distance  of  r  (sm 
ffi)  Fo^verification  of  obtained  numerical  data,  the  same  3D  structures  were  calc*^ 
b  \e  111  known  mode-matching  technique.  The  f 

in  the  Table  for  the  case  of  a  x  »  =  23  x  10  nun,  a,  s  4,  =  15  x  0.5  mm.  1  -  1 
the  proposed  algorithm,  the  data  are  obtained  by  taking  into  account  N,  ~  30  modes  in 
larga  waveguides  and  AT,  =  10  in  the  smaller  ones.  As  for  the  mode-matching  technique 

these  values  were  chosen  accordir«  to  Mittra’s  rule  and  they  were  equal  to 
AT  =  613  M  =  20  One  can  see  that  both  results  are  in  close  agreement  even  at  frequencies 

nelr  the  resonant  ones.  However,  direct  using  the  mode-matching  method  to  analyze  the 
considered  3D  structures  requires  CPU  time  that  is  tens  times  greater  than  the  new  approach. 


/. 

GHz 


8.0 

8.5 
9.0 

9.5 

10.0 

10.5 
11.0 

11.5 

12.0 


“scalarization” 
approach 


ls;i 


(11) 


1.0000 

1.0000 

1.0000 

1.0000 

0.0921 

0.8004 

0.8457 

0.8654 

0.8768 


atg^l 


;ii) 


-176.34 

-175.07 

-173.19 

-169.36 

-135.10 

179.89 

179.77 

179.71 

179.67 


mode-matching 
technique 


1.0000 

1.0000 

1.0000 

1.0000 

0.0837 

0.8002 

0.8455 

0.8653 

0.8766 


-176.33 

-176.06 

-173.17 

-169.31 

-139.13 

179.86 

179.76 

179.71 

179.67 


‘scalarization” 


0.9655 

0.9270 

0.8389 

0.6172 

0.1377 

0.3947 

0.6858 

0.8162 

0.8797 


mode-matching 
technique 


1^ 

-164.64 

-157.67 

0.9645 

0.9247 

-164.42 

-157.32 

-146.68 

0.8330 

-146.06 

-127.73 

0.6022 

-126.64 

-97.49 

0.1130 

-96.07 

113.70 

0.4109 

114.72 

133.79 

0.6924 

134.32 

145.24 

0.8190 

145.51 

152.18 

0.8810 

152.33 
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Abstracti  Using  the  method  of  overlapping  regions,  an  electromagnetic  model  of  the 
rectangular  resonance  cavity  in  the  E-plane  is  developed.  Based  on  the  theory  of  transmission 
lines,  scattering  matrixes  of  the  single  ports  (of  the  steps  in  the  E-plane)  for  the  cavities  of 
various  lengths  are  calculated.  The  theoretical  results  thus  obtained  agree  well  with 
experimental  data  and  can  aid  the  design  of  a  standards  of  the  reflection  and  transmission 
coefficients. 

INTRODUCTION  Parameter 

determination  of  the  measurement  standards  of  the  reflection  and  transmission  coefficients 
by  numerical  methods  is  a  perspective  tendency  in  the  microwave  metrology.  The  reflection 
coefficient  of  an  E-plane  waveguide  step  has  a  smooth  ffequency  dependence.  Such 
discontinuities  are  used  as  reference  loads. 


ELECTRONIAGNETIC  MODEL  OF  THE  WAVEGUIDE  CAVITY 
In  the  present  paper  electromagnetic  calculation  of  a  scattering  matrix  of  rectangular 
resonance  cavity  in  the  E-plane  is  made  by  means  of  the  method  of  overlapping  regions  [1]. 
I'he  configuration  of  the  resonance  cavity  is  shown  in  Fig.  1 . 


( 

region  I  ' 


A. 


Z  ! 


region  II 


i 

'  :  t/2 

, 

- ^^0  , 

--  *>V|| 

■ 

r^=-i 


a)  b) 

Fig.  1.  (a)  Rectangular  resonance  cavity  in  the  E-plane,  (b)  The  eigenports  of 
the  cavity. 


The  protruding  arm,  region  I,  is  a  rectangular  waveguide  (of  dimensions  a  and  b,  a  being 
the  broader  dimension)  which  supports  the  dominant  mode  only.  Injunction  the  modal 
fields  must  be  /7-type  only  (i.e.  having  no  electric  field  component  )  and  their 
dependence  fi-om  x  takes  the  form  sin ;T/a(x  + a/2).  Regions  I  and  n  are  the  overlapping 
regions  with  boundaries: 


region  I: 


a  a 

— ^x<—  , 
2  2 


-00  <z  <co  ; 
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region  u: 


a  a 
—  sxs-  , 
2  2 


d  .  .d 

- S  V  s  — 

2^2 


C  c 

—  <z<  — 
2  2 


The  system  of  integral  equations  for  the  regions  i  and  11  allowing  to  find  the  Jti^ 

-magnetically  field  component  of  the  -mode  can  be  written  as 


Hi{y,z)=  I 


H2(y,2)=  f 
-X 


G^iy,z,y',z') 


dH,(y',z'} 

dy' 


dn^y'.A 


,  b 
^~2 


.  ’’  I 


dz' +  a^{y,z)', 


(1) 


G2{y,z,y’,z’) 

*,(y,z') 

y 

dz' 

c  dz’ 

1 

2'=~ 

2 

W  » 


where  -  is  a  Greens  fimction,  ao(T.^)  =  exp(-;;'o2) '  is  an  incident  field  produced  by  the 
magnetic  current  . 


The  system  of  integral  equations  (  1  )  is  reduced  by  the  method  of  eigenfunctions  to  the 
simultaneous  linear  algebraic  equations  in  the  unknown  scattering  matrix  elements  S^j  of  the 

rectangular  resonance  cavity  ( Fig.  l,a ). 

LOCALIZATION  OF  THE  E  -  STEP 

Scattering  matrixes  of  the  single  ports  (of  the  steps  in  the  E-plane)  for  the  cavities  of  various 
lengths  c  have  been  calculated  using  the  theory  of  transmission  lines.  The  method  of  E-step 
localization  is  based  on  using  the  two  eigenvalue  of  the  cavity,  conditions  of  the 
antisymmetiy,  and  unitary  E-step  matrix.  A  correction  of  a  reference  plane  of  the  eigenports 
(Fig.  l,b)  for  finding  the  parameters  of  steps  was  made.  The  amendments  (the  distance  t/2  on 
Fig  l,b)  to  reference  planes  that  provide  independence  of  the  modulus  of  the  reflection 
coefficient  of  steps,  when  computing  the  parameters  of  cavities  of  various  lengths,  were 

found. 

NUMERICAL  RESULTS  AND  DISCUSSIONS  Fig-  2 

depicts  the  dependence  of  the  modulus  (a)  and  phase  (b)  of  the  reflection  coefficient  of  the  E- 
plane  for  the  various  amendments  t  of  the  length  cavity  c.  The  dependencies  are  got  when 
the  cross-section  waveguide  isa  xb-  28.5 x  6.3  mm,  the  cross-section  cavity  is  a  xd  —  28.5  x 
12,6  mm,  the  excitation  frequency  F=8  GGz,  the  number  of  the  taken  into  accoimt  higher- 
order  modes  N=15.  Figure  2,a  shows  that  |S'„|  =co«5f=0.305  when  t-1.78822/nm  and  the 

nonuniformity  of  the  modulus  and  phase  reflection  coefficient  for  c— 26.5mm  is  small.  Fig.  3 
depicts  the  frequency  dependence  of  the  modulus  of  the  reflection  coefficient  of  the  E-plane 
(a)  and  the  amendments  t  (b).  The  capacitive  component  of  the  input  reactance  of  the  E- 
plane  steps  have  been  determined  with  the  aid  of  the  calculated  amendments  to  reference 
planes  of  the  cavity.  The  calculated  parameters  of  the  E-step  capacitive  component  are  in  a 
good  agreement  with  the  data  known  from  manuals  [2]. 
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/Sll/  ar«/C11\ 


Fig.  2.  An  reflection  coefficient  of  the  E-step  as  a  fimction  of  the  cavity  size  c. 
F=8GGz,  J/6  =2,  N=15;  l-t=0,  2-t=lmm,  3  - 1=1.78822  mm,  4-/=2.5mm 


0.30  i ^ - 1- 

6.00  7.00  8.00 


9,00  10.00  11.00 

F,  GGz 


t,  mm 

1.82 


a)  b) 

Fig.  3.  The  frequency  dependence  of  the  modulus  of  the  reflection  coefficient  of  the  E- 
plane  (a)  and  the  amendments  t  (b). 


The  obtained  results  can  be  used  in  the  metrology  of  microwave  range  in  the  process  of 
designing  a  standards  of  the  reflection  and  transmission  coefficients. 
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The  oroblems  of  a  computer-oriented  research  of  microwave  devices  have  become  an  indepen^nt  fie  d  o 
armlied  microwave  CAE  over  the  last  20  years.  Under  the  pressure  of  growing  reqmrements  for  the  genera  ity 
ofAe  design  process  they  have  evolved  fi-om  algorithmization  of  particular  problem 
1  rfiSaTSrLlonging  to  the  maker  of  microwave  devices.  There  are  two  design  direcuons  tot 
Tbe,^l^«ent  two  coitflioing  sides  of  the  design  proc®  namely  generality 
^raSw  it  Sditeinn  represents  an  attempt  to  embrace  a  wide  range  ot  ^lems  using 
aide  TO  fast  but  nM  always  rigorous  algorithius.  Tl*  cited  above  ntuge  of  pmblem  ts  mde 
thaf  implies  both  availaMity  of  design  techniques  and  variety  of  electromagnetic  objects,  m  ^nd  4te«on 
I5,^S^by”“S^of  rigo  “ns  and  la  models  of  electromagnetic  level  ^  it  dev^  m 
of  ^emKrienW  packages  whose  fnnOional  specification  is  swn*  tied  to  ” 

alg^thms  of  a  certain  electromagnetic  structure.  As  a  result,  the  topology  of  to  ®  .  . 

SeSn^  and  in  the  desip  pr^ess  it  can  be  modified  only  1^  the  pnnaples  determined  beforehand  (to 

Z  the  devellnent  of  a  tool  that  would  allow  to  hide  behind  the  slueld  of  finishrf 
— dl^Limg  that  are  itmvitable  and  often  present  difficulties  m  r^lmanon.  tte 
St^r^^n  lSn°  rf  w^  scattLg  design  processes  Let  wt  illustrate  it  by  tta  fbll^g  e^ 

Tt  k  difficult  to  Dicture  a  program  package  for  the  band  pass  filter  synthesis  without  certain  stages.  They 
building  a  circmT  theory  prototype,  solving  to  boundaiy-value  problems  for  to  key  elements,  to  ^t  esis 
fimctioL  and  lecompositL  of  to  parts  of  to  filter,  as  well  as  optimization  of  filter  parameters  taking  m 

Sr^TpSS^TeS  of  the  stages  is  so  inhomogeneous  and  wdde  (for  i"a«a.nce, 

Cfarnti^  nroblems  of  correct  memory  allocation  to  to  principal  ones,  such  as  relative  convergence  jnoblem) 
r”STSSSte"«So  a  privilege  of  oi,  high-skilled  professionals.  In  addition,  taking  i® 
“rStlllSl^ngofnmomTOless  complete  P«^l^«isbn^^ 
easily  understand  why  to  desipers  are  so  eager  to  get  a  maximum  unification  of  to  ftotod  ot 
codes  aimed  at  solving  standard  problems.  This  desire  was  to  mam  incentive  for  f 

A  nf  tiiA  SFS  technoloev  ooDortunities  [1]  and  to  mechanism  of  heritage  in  to  classes  of  the  object-oriented 
?  a^bS^MngL  problem  of  inters.  General  structure  of  the  problern^nem^ 

^erS  L  rpiSnU  as  an  aggrepte  of  descriptors  (S-matrices),  a  device  recomp^ition  scheme  ^ 
S  rhS^STpSttm  sui^rt  was  realized  for  to  first  two  concepts  in  to  SES-technology  to 
^vides  from  the  one  hand,  to  maximum  pnerali^  of  research  and  from  to  other,  an  automatic  adjustment 
of  the  calculation  process  to  to  minimum  time  consumption  (including  buffenng  and 
^te™i"5-r^ces).  By  adding  to  this  toolanumbe^ 

of  cXilations  we  can  create  generators  of  aRilications  of  certain  directions.  A  oombmed  usage  of  to  SES- 
teclmdogy  and  specialized  synthesis  methods  of  devices  with  specified  charactOTStics  is  sh^  below  J  to 
SmSto  fiSency  filto  generator.  It  is  of  importance  tot  to  cited  sets  of  clasps  realize  such  a  design 
skeleton  where  practically  every  single  function  can  be  replaced,  flrom  altermg  to  synthesis  strategy  in  gene^ 
f  Snfto  -S  of  ig  decisions  at  any  significant  point  of  desip.  Fig.  1  outlines  a  schematic 

diagram  of  an  A/-section  in-line  type  filter. 


Kharkov,  Ukraine,  Vllth  International  Conference  on  Mathematical  Methods  in  Electromagnetic  Theory 


406 


MMET’98  Proceedings 


trcmsforrm 

member 

section 

member 

section 

member 

transformer 

1 

■  I 

I 

2 

2 

P  ■ 

2 

Fig.  1 

Let  us  name  as  a  member  of  the  filter  a  microwave  two-port  of  arbitrary  type  that  realizes  one  of  the  three 
characteristics,  such  as:  a)  required  reflection  coefBcient  at  a  fixed  fiequency,  b)  required  quality,  c)  options  a) 
and  b)  simultaneously.  In  particular,  the  variant  c)  realizes  such  characteristics  as  specified  values  of  K- 
inventors  or  specified  values  of  the  coupling  coefficient  between  two  resonant  cavities.  Let  us  explain  the 
implementation  of  the  variant  c)  in  the  filter  members,  using  the  example  of  a  filter  with  additional,  non¬ 
consequent  couplings.  Let  us  assume  that  for  a  dual  mode  filter  it  is  necessary  to  syntheske  an  input  element 
that  presents  a  rectangular  diaphragm  in  the  junction  of  rectangular  and  circular  waveguides.  Traditionally  a 
specified  input  quality  is  demanded  of  this  diaphra^.  However  the  number  of  parameters  of  such  a  diaphragm 
(dimensions,  shift  and  the  tilt  angle  relative  to  the  input  rectangular  waveguide)  enables  us  to  demand  also  the 
specified  coupling  betw  een  the  waves  of  the  vertical  and  horizontal  polarizations.  If  this  problem  can  be  solved 
then  for  a  two-section  filter  we  can  do  away  with  three  diaphragms  instead  of  using  five  of  them. 

The  concept  of  transformer  refers  to  a  microwave  two-port  whose  function  consists  in  transmission  between  the 
input  waveguide  and  the  filter  itself.  Such  a  situation  occurs,  for  instance,  in  the  case  of  designing  filters  on  the 
reduced  cross-sections  of  rectangular  or  ridged  waveguides.  Fig.  2  shows  the  class  hierarchy  intended  for  the 
program  realization  of  the  filter  member  notion.  The  solid  lines  (fenote  a  direct  heritage  in  the  derived  class  of 
the  basic  class  properties.  The  dotted  lines  show  that  in  the  upper-level  class  the  objects  belonging  to  the  low- 
le\'el  class  are  made.  The  names  of  classes  comprised  in  bold  type  frames  denote  their  belonging  to  the  library 

of  SES-technology  classes.  Let  us  consider  this  diagram  in  more  detail. 

Class  Parameter  represents  a  set  of  techiuques  for  saving,  archiving  on  a  disk  and  connection  with  dialog 
windows  in  an  interface  variant  of  those  structure  parameters  that  do  not  change  in  the  process  of  synthesis. 
Class  Data  performs  the  same  fimctions  for  parameters  under  synthesis. 

Class  Response  is  a  container  for  saving  and  archiving  the  frequency  characteristics  of  the  filter  members 
(return  loss,  insertion  loss,  total  insertion  loss,  argument  and  some  others).  The  objects  of  this  class  are 
beneficial  while  performing  a  comparative  analysis  of  electromagnetic  characteristics  of  different  scatterers. 


Fig.  2. 
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is  the  creation  of  one  prototype  using  a  prototype  of  some  different  kind  For  instance,  we  may  synthesize 
invertors  for  a  band  pass  prototype,  transform  them  into  coupling  coefficients  and  use  the  latter  as  an  initial 
approximation  while  searching  for  parameters  of  non-consequent  prototype  in  accordance  with  the  resulting 

frequency  response.  t-  i.  .en 

Filter  gyti^hfisis  It  is  initialized  by  an  object  of  proto^Tte  class  and  is  realized  in  three  stages.  First  the  filter 

members  are  igmthesized  then  the  section  lengths  are  reconstructed  for  the  case  of  a  single-mode  interaction  of 
the  filter  members.  This  stage  is  individual  for  each  of  the  five  ^s  of  filters.  The  refinement  of  section 
lengths  is  provided  for  BPF  in  a  multimode  regime,  as  in  the  case  of  narrow  band  filters  the  fringing  field 
interaction  leads  to  a  significant  shift  of  the  pass  band.  Our  experience  of  designing  different  filters  suggests 
that  after  the  synthesis  stage,  the  characteristics  of  an  electromagnetic  model  can  differ  significantly  finm  those 
required.  This  can  be  best  appreciated  for  DMF,  when  the  obtained  configuration  can  not  serve  as  an  initial 
^^^oximation  for  the  fjllowing  optimization.  Therefore  at  the  last  stage  ffie  iterative  refinement  of  filter 
parameters  is  carried  out  Two  schemes  are  realized  here.  First,  we  calculate  the  frequency  response  of  the  filter 
in  the  multimode  regime,  reconstruct  a  new  specification  for  the  filter  synthesis,  synthesize  an  intermediate 
prototype  and  start  the  synthesis  process  over  again.  Second,  we  calculate  the  frequency  response  of  the  filter  in 
a  multimode  regime,  reconstruct  intermediate  prototype  1^  using  the  optimization  method,  coriect  the  initial 
inotolype  with  the  aid  of  an  intermediate  one,  and  repeat  the  synthesis  process  over  agaia 
mifAr  npriipiTatiAti  is  initialized  by  the  object  of  the  jffototype  class.  Several  standard  objective  functions  are 
realized,  including,  for  instance,  the  function  aimed  at  the  minimization  of  the  mismatch  functional  between 
the  frequency  responses  of  the  electromagnetic  and  circuit  theory  models.  If  it  is  necessary,  then  each  of  them 
can  be  replaced  by  its  own  objective  function.  The  filter  c^imization  is  based  on  repeated  solving  the  direct 
problem  at  a  non-predicted  parameter  state  of  filter  members  at  specified  frequency  pomts.  If  therewith  the 
optimization  parameters  do  not  change  the  geometry  of  key  scatterers  (for  instance,  in  the  E'-plane  strip 
diaphragm  filter),  then  we  can  apply  the  Buffer  class  functions.  The  latter  ensure  a  preliminary  calculation  and 
saving  of  the  S'-matrices  of  key  elements  (this,  as  a  rule,  (wesems  a  very  time-consuming  problem).  From  this 
point  on  the  Filter  class  functions  provide  a  very  qiuck  reconstraction  of  the  filter  frequency  response.  Class 
Interpolation  ensures  one  more  possibility  for  a  radical  acceleration  of  the  calculation  process.  Its  functions 
reconstruct  the  filter  frequency  reqwnse  on  the  basis  of  approximation  models  of  key  scatterers  (the  many¬ 
dimensional  polynomial  interpolation  of  5-matrices  is  used). 

The  author  greatly  af^reciates  a  valuable  discussion  on  the  subject  of  this  communication  with  Profs.  A  A 
Kirilenko  and  L.  A  Rud’ . 
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MODELING  THE  BEAM  EXCITATION  OF  PLANAR 
WAVEGUIDE  WITH  RECTANGULAR  IRREGULARITIES 

G.I.  Zaginaylov,  V.D.  DusKkin,  V.  Korostyshevski,  P.V.  Turbin 
Dept,  of  Technical  Physics,  Kharkov  State  University,  Svobody  Sq.  4,  Kharkov,  Ukraine 


The  problem  of  the  beam  interaction  with  irregular  waveguide  is  of  considerable  inter¬ 
est  for  high-power  microwave  electronics.  Since  the  waveguides  used  there  have  a  diameter 
much  greater  then  the  operational  wavelength,  and  the  shape  of  irregularities  is  close  to 
rectangular  one,  a  plane  model  of  a  waveguide  with  the  piecewise  constant  cross-section  is 
quite  reasonable.  Due  to  the  strong  dependence  of  the  output  power  and  the  operational 
frequency  on  the  mode  conversion  effects  caused  by  irregularities  [1] ,  it  is  very  desirable 
to  have  an  accurate  and  flexible  mathematical  model  for  their  analysis. 


Figure  1: 


Consider  a  symmetric  plane  waveguide  with  m  non-identical  grooves  of  rectangular 
shape  (see  Fig.  1)  driven  by  the  relativistic  electron  beam,  for  which  we  shall  use  the 
simplest  model:  thin,  magnetized,  modulated  current  of  given  amplitude:  I  =  (0, 0, /z); 
Iz{x,z,t)  =  Iog{x)exp{ikz/P  -  kot)  where  k  =  ujjc,  P  =  V/c,  d/dx[]ng{x)]  »  k/2Tr, 
(jj  is  the  modulation  frequency,  V  is  the  beam  velocity,  c  is  the  velocity  of  hght.  The 
beam  drives  in  the  waveguide  the  fields  of  TM  polarization  (^Ex,  Hy,  Ez)'  Finding  them 
can  be  easily  reduced  to  the  following  boundary-value  problem  (taking  into  account  the 
symmetry  of  the  problem  with  respect  to  the  2-axis): 


9''  ,2\t/  ^  47ra/z 

^^  +  —  +  k^]nx,z)  =  -^,  x,zeQ 


(1) 


^ls  =  0,  =  (2) 

m 

n=  [j{D  <  X  <  D  +  hg,  ag<z<bg}[j{0<x<D,-oo<z<oo}, 

4=1 

5  is  the  boundary  of  the  waveguide,  =  Hy,  Ex  =  {l/ik){d^/dz),  Ez  =  —{l/ik){d^/dx+ 
(47r/c)Jz),  dqibq  are  the  coordinates  of  the  walls  of  the  gth  groove,  hq  is  its  depth. 
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We  seek  the  solution  of  the  value-boundary  problem  (1),  (2)  satisfying  the  radiation 
condition  z  ±oo  and  Meixner’s  condition  near  geometric  singularities  in  the  form 


\  D<x<D  +  hg,  zehg  ’ 

where  E  =  (-00,00)  ,  L,  =  (%,&,),  q  =  is  the  partial  solution  of  equation 

(1)  with  the  boundary  conditions  {d^o/dx)\x=D  =  0,  ^oU=o  =  0  that  can  be  easily 
found  in  the  explicit  analytical  form.  We  seek  the  function  ^+(3:,  2:)  in  terms  of  Fourier 
integral,  and  ^~[x,z)  in  terms  of  Fourier  series.  Furthermore,  demanding  the  continuity 
of  the  total  field  z)  and  its  ar-derivative  at  the  intervals  z  Ghg,x  =  D,  and  using  the 
technique  developed  in  [2-4]  we  derive  the  following  basic  equation  on  a  set  of  intervals 

I  G{z  -  OHO^C  +  / -  0  4-  +  C  -  2o,)]F(C)dC  =  (4) 

L 

=  exp{ikz/P),  z  €  Lg,  q  =  1, 


7^sh7^o?, 


m 


A(0  -  ReA^  >  0,  ImAe  <  0,  7^  =  A(7rn/h,),  h={jhg, 

q-l 


r  1/2,  n  =  0 
\  1,  n>  0 


F{z)  = 


dx 


In  the  limit  of  D  —>  00,  the  kernel  of  (4)  coincides  with  that  obtained  in  [2-4].  However, 
for  the  fixed  D,  the  integrand  in  G{x)  can  have  a  finite  number  of  simple  pole  singularities 
on  the  contour  of  integration,  and,  consequently,  the  integral  for  G{x)  does  not  exist  in 
common  sense.  A  proper  representation  for  it  can  be  obtained  by  introducing  a  weak 
absorption  in  whole  space:  k  =  k'  F  ik" ,  0  <  k"  «  k'.  This  causes  the  shifts  of  the 
singularities  from  the  integration  contoiu  into  the  complex  plane  of  fy  Then,  deforming 
the  contour  of  integration  into  the  upper  or  lower  half-plane  of  the  complex  variable 
we  get  a  convenient  analytical  representation  for  G{x)  : 


G{x) 


sign(a;) 

D 


00 


71=0 


TT’ 


(5) 


where  -  7r2(n -M/2)VT>^  Re(^n)  >  0,  Im(^„)  >  0.  After  this  it  is  convenient 

to  carry  out  a  numerical  analysis  of  (4)  by  the  method  of  discrete  singularities  [2-4]. 
Alternative  approaches  such  as  the  direct  moment  method  or  the  Riemann- Hilbert  Prob¬ 
lem  technique,  which  are  now  used  in  computational  electromagnetics  appear  to  be  less 
efficient  in  the  considered  case. 
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SOME  FERRITE  CONTROL  COMPONENTS  IN  A  SECTION  OF  CUT¬ 
OFF  WAVEGUIDE 
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National  Technical  University  of  Ukraine  ‘TCPT’ 
Ul.  Politekhnicheskaya,  12,  252056,  Kiev,  Ukraine 
Tel.(fax):  380-(044>2418416 


A  comparison  analysis  of  electromagnetic  structure  -  a  constant  cross-section  of  finite 
length  cut-off  waveguide  (SCW)  and  stepped  to  reduce/increase  of  cross-section  of  cut-off 
waveguide  in  SCW  (SRC)  is  expounded. 

An  algorithm  of  design  of  the  mentioned  structures  has  been  built.  In  the  present  paper, 
the  results  of  a  solution  of  the  problem  of  coupling  of  rectangular  waveguides  through  such 
structures  are  presented. 

By  the  mode  matching  technique  applied  for  eigenfields  at  the  waveguide  junction 
boundary,  the  integral  equation  set  has  been  converted  into  a  matrix  equation.  Here  we  used  a 
Galerkin  variational  method,  whose  solution  determines  the  values  of  the  tangential  electric 
field  in  the  openings.  The  convergence  of  the  obtained  solution  to  the  exact  one  has  been 
proved. 

Using  such  a  design  approach,  the  structures  tunable  by  magnetic  field;  ferrite  and 
ferrite-waveguide  resonators  in  SCW  and  SRC  are  considered. 

A  method  is  presented  for  calculating  the  elements  of  the  scattering  matrix,  the 
absorption  coefficients,  the  width  of  the  passband,  and  the  resonant  fi-equency  of  a  system 
consisting  of  ferrite  and  ferrite-waveguide  resonators.  Analytic  relationships  are  derived  and 
graphical  dependences  are  obtained,  which  provide  an  engineering  computation  to  be 
performed  for  various  designs  of  ferrite  films. 

The  utilization  of  compound  ferrite  dielectric  plates  for  the  linearization  of  the  field 
fi-equency  characteristic  is  shown. 
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METHOD  CMR  MEASORING 
ELECmOMAGNETICaiARACrammi^ 

Viktor  I.  Naidenko,  Sergey  P.  Kapustyansky,  Alexander?.  Prokopenko 


National  Technical  University  of  Ukraine  “Kyiv  Polytechnic  Institute” 

37,  prospect  Peremogy,  Kyiv-56, 252056,  Ukraine 

Measuring  electromagnetic  characteristics  of  various  media  is  a  starting  point  in  the 
development  of  many  microwave  technologies  and  instruments.  This  problem  has  been 
attracting  a  permanent  attention  [1].  One  of  the  most  simple  and  promising  methods  is  the 
method  of  a  partially  filled  waveguide  with  a  shortened  end  [2]. 

In  a  waveguide  having  a  shortened  end,  a  homogeneous  along  certain  direction  sample 
is  placed.  Then  the  wave  propagation  along  such  a  partially  filled  waveguide  is  measured. 
Provided  that  the  detector  used  for  measuring  the  field  is  a  quadratic  one,  we  can  derive  the 
equation: 

=U{z)=  A{ch2yz  -  cos  2^z) 

where  A  is  the  amplitude  of  the  measured  value,  p=27t/Xw  is  the  propagation  constant  of  the 
waveguide  mode,  y  is  the  mode  attenuation  constant. 

Recovering  the  sample  material  characteristics,  such  as  s'  and  s",  or  e'  and  tgd,  is  to 
be  done  based  on  the  solution  of  the  inverse  electromagnetic  problem  [2]. 

A  method  of  determining  y  from  the  measured  distribution  of  (1)  is  known  [2].  It  is 
normally  considered  that  determining  P  does  not  present  any  problem.  To  find  y,  one  has  to 
determine  the  first  point  in  the  distribution  (1),  in  which  |  £  P  equals  to  the  value  of  |  £  r  in 
the  first  minimum.  Further,  by  using  the  expansion  of  the  function  ch  x  in  terms  of  the  Taylor 
series  and  keeping  only  the  first  two  terms,  one  finds  the  formula  for  y  [2].  As  experience 
shows,  the  accuracy  of  measuring  s'  and  s"  is  far  fi-om  desired,  and  sharply  decreases  with 
increasing  y.  So,  the  goal  of  the  presented  work  is  to  provide  a  mathematical  background  to 
determination  of  p  and  y,  and  hence  s'  and  s". 

1.  Usage  of  Further  Minima  and  Refining  the  Method 

If  y  is  small,  then  the  first  minimum  is  very  shallow.  Therefore  the  point  of  the 
minimum  \e\‘^,  is  located  very  near  to  the  shortened  end.  The  field  distribution  near  the 
shortened  end  is  not  accessible  for  measuring  as  it  is  severely  disturbed  by  the  probe.  This 
inaccessible  distance  is  not  less  than  the  depth  of  the  probe  insertion.  The  latter  depth  must  be 
sufficient  to  have  the  detected  signal  higher  than  the  level  of  noise  and  clutter. 

It  is  possible  to  remove  these  shortcomings  of  the  method  by  using  the  second,  third, 
etc.,  minima  of  (1).  One  can  show  that  if  n  is  the  number  of  the  minimum,  then 

y  =  2sin(27C^„)/(x^V"^ 

where  =  z„Aw,  Zn  is  the  distance  from  the  shortened  end  to  the  first  point  where  the  value  of 
the  function  (1)  equals  to  that  in  the  «-th  minimum.  If  «=1  we  obtain  the  result  derived  in  [2]. 

One  can  make  the  range  of  validity  of  this  method  wider  by  taking  into  account  the 
third  term  in  the  Taylor  expansion.  Then  we  arrive  at 


(2) 


(3) 


2.  Smoothening  Algorithm 
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If  Y  is  small,  it  is  reasonable  to  integrate  (1)  with  respect  to  z.  Then  we  have 

_  r  .  -  n 


Uj(z)=]u(z)dz  =  A 


(4) 


—shlyz  — ^sin  2^z 

L2y  2p  _ 

Comparing  (4)  with  (1),  we  can  see  that  if  y  is  small,  then  the  first  term  is  now  ^ 
times  greater  than  the  second  term.  Besides,  the  curve  has  been  smoothened. 

At  the  points  of  minima  of  the  original  curve  (z=mXw/2),  the  second  term  is  zero.  Therefore 

Uj  (wX,,  /2)=  (5) 

For  71=2  and  ^1, 7i=3  and  q=2,  etc.,  one  can  derive  a  closed-form  expression  for  y. 
Integrate  (4)  with  respect  to  z.  Then  we  have 


n  -4- 


1  u.  1 


—sh^yz—^sm^^z 
y  p 


(6) 


Comparing  (6)  with  (1),  we  can  see  that  if  y  is  small,  then  the  first  term  is  now  P  V 
times  greater  than  the  second  one.  Besides,  the  curve  has  been  smoothened  once  again. 

At  the  points  of  minima  of  the  original  curve  {z=nkv>/l),  the  second  term  is  zero.  Therefore 
ylUa{nX„/2)/U,j{qX^/2)  =  sh(nyX„)/ sh{qyX^). 

For  the  mentioned  values  of  n  and  q  one  can  derive  a  closed-form  expression  for  y. 

Combining  (1)  and  (6)  we  obtain; 

2A(1  +  Y  vp^lsin  ^  pz  =  f/  -  4y^f/ ^  • 


(7) 


18) 


At  the  points  z=0.25X«<27r-l),  77=1,2,...  =2 Ay^ /(u -4y^U „ -2a) 

Combining  (1),  (4)  and  (6)  we  arrive  at  the  following  expression  for  the  amplitude; 

A  -  2y^(uu  „  -  V]  )/([/s/7  ^yz  -  2U ^ysh  2yz  +  AXJ „y^ch  ^yz).  (9) 

So,  the  first  part  of  the  problem;  determining  p  and  y  by  the  results  of  measurements, 
has  been  solved.  The  second  part;  reconstruction  of  s'  and  s"  by  the  obtained  P  and 
y^  requires  a  solution  of  the  eigenvalue  electromagnetic  problem  about  the  modes  of  a 
partially  filled  rectangular  waveguide.  The  solution  of  this  problem  is  obtained  by  the  mode 
matching  method. 


3.  Solution  of  the  Eigenvalue  Problem 


As  the  symmetry  plane  of  the  structure,  x=0,  is  the  “electric 
wall”,  for  the  principle  mode  and  y=0  is  the  “magnetic  wall”,  we  can 
consider  only  a  quarter  of  the  structure  cross  section  (Fig.  1).  It  is 
divided  into  two  partial  regions;  I  (0^<  di)  and  11  (di<x^).  In  turn, 
region  I  consists  of  two  subregions  1. 1  and  1.2;  the  first  is  filled  with  a 
dielectric  having  relative  dielectric  permittivity  Si.i  (0<y:^,  the 
second  with  ei.2  The  field  in  a  wave^ide,  partially  filled  with 

dielectric,  is  hybrid,  therefore  the  solution  in  each  partial  region  is 
presented  as  a  sum  of  LE  and  LM  modes.  In  each  region,  components  of  electromagnetic  field 
are  denoted  through  the  y-components  of  the  potentials.  M  the  given  area  is  inhomogeneous 
in  the  ^-direction,  expressions  for  magnetic  and  electric  potentials  in  the  first  region  are 
complicate; 

Ay  =  i  A,  sin(  cos(y„iX)m/;:,(3^^  (10) 

nl=0 

where 


A  X 


Fig.  1 
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C0SXi»i3^ 

cosx,„,/’ 

sinX2«i(^-3') 


sinx 


2rtl 


{b-iy 


sinXi^y 

sinX,„i^’ 

cosX2„i^-Z) 


icosx2„i(*-0’ 


xf„+7^,  +  r"=^'e,,„  xL+Y',+r"  =  *\2>  x'„i  +  y„' +r^=*Xi>  X2,i  +  Y,\  +  r^  =  ^X2. 

r  is  the  longitudinal  constant  of  the  propagation.  Dependence  on  time  and  coordinate  z  in  the 
form  of  exp[/((»?  -  Fz)]  is  omitted. 

The  constants  %i„,  t:in,  Xi„.  X2«  derived  from  (10)  and  from  the  equations; 

=  X2«^Ctg%,„,(b  -  /) 


^1.1 


-1.2 


For  the  second  partial  region: 

4  =  E^„2smY„2(‘^2-^)sin?,2(yX  =  S5„,cosy„2(^2  -x)cosp„2(3^). 


n2=0 


/j2— 0 


(11) 


=f('>.  +1/2) 


Pn2  ^  Pn2  ' 


Continuity  of  the  tangential  components  of  electric  and 
magnetic  fields  at  the  boundary  of  the  partial  regions  leads  to  a 
set  of  functional  equations.  Galerkin’s  method  then  is  used  to 
transform  it  into  the  matrix  equation  for  A„^,  B„\,  B„i.  The 

wavenumbers  of  modes  in  the  dielectric  waveguide  are  obtained 
by  solving  the  equation  obtained  by  demanding  the  determinant 
to  be  zero. 

The  results  of  computations  have  shown  that  the  very 
accurate 


results  for  both  the  dispersion  and  the 
expansion  amplitudes  can  be  obtained  by 


region.  The  calculated  dependence  of  s'  on 
for  //fr=0.364  and  dita=A).2%9  is  shown  in 
Fig.  2. 

4.  Experimental  Results 

The  numerical  integration  was 
carried  out  by  Sympson’s  method.  The 
measured  dependence  (1),  integrals  (4)  and 
(6),  amplitude  A  and  the  right-hand  part  (8)  are  shown  in  Fig.3. 
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RESONANT  SYSTEM  OF  SELECTION  AND  ABSORBTION  OF 

WAVEGUIDE  MODE 

O.  V.  Bondarenko,  V,  B.  Kazanskiy 

Chair  of  Theoretical  Radiophysics,  Kharkov  State  University,  310077,  Kharkov,  Ukraine 

ABSTRACT: 

Nonsymmetric  inhomogeneous  lateral  expansion  of  a  plate-parallel  waveguide  containing 
dielectric  layers,  a  resistive  film,  and  a  grating  of  metallic  strips  is  studied.  A  propagation  constant 
is  found  from  two-sided  equivalent  boundary  conditions,  and  scattering  coefficients  are  obtained 
from  the  solution  of  diffraction  problem  with  the  method  of  moments. 

DISPERSION  EQUATION  SCATTERING  COEFFICIENTS 

A  lateral  expansion  of  a  plate-parallel  waveguide  with  the  length  L  contains  dielectric 
layers  with  widths  bj,  permitivities  £  j,  and  permeabilities  p  j  (j=l,2,3).  There  is  a  grating  of 
closely  spaced  conducting  strips  with  period  /  and  gap  width  d  at  the  boundary  y—0  (0  <  z  K  L), 


Fig.  1.  Geometry.  Dispersion  dependences,  bj/l— 20;  b2/l-  bs/l-3 


3e=l/X«l  and  a  resistive  film  (RF)  aty  =  -  b2.  The  whole  structure  is  homogeneous  along  the  ox 
axis  (Fig.l).  Ep-  or  Hp  -  mode  with  the  propagation  constant  roiphyl^^^oMo-i^P^^iY 
incident  from  the  region  z<0.  The  scattered  field  is  found  in  the  class  of  longitudinal  waves 
characterized  by  electrical  (.s=e)  or  magnetic  {s=h)  vector  potential  [1]:  E"  ^-rotfoW, 

H^^rotyoUf 

Expansion  of  the  field  in  terms  of  orthonormalized  eigenfunctions  0^ v  j  (y)  in  the 
resonator  can  be  presented  in  the  form: 

Uj  =  [c;  exp(ir{v)z) + D;  exp(-  ir(v)z)]%  (t)  (1) 

v=0 
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The  propagation  constant  y(y)=  ^k^SjjUj  -  k^{v)  is  found  from  the  problem  of 
propagation  of  waves.  Its  solution  together  with  the  two-side  equivalent  boundary  conditions  at 
the  grating  and  RF  [2,3]  results  in  a  dispersion  equation  relatively  to  y(v): 


‘  '  r/  +  (r,‘ctg(k^,b,)- iY„ ) 


(2) 


where  Yg^=(^i+/i2)/(^n(l+u)/2),  Yg^=-3e(s,+e2)ln(l-u)/2,  \i=cos{%d/l),  Y-=k^lkfij, 

Yj  =  ksjikyj  Using  the  method  of  moments  for  the  solution  of  diffraction  problems,  we  get  two 
independent  systems  of  equations 


z-  r  ^ 


Xlcth 


V 


2 

^iyo(m)L 


V 


00  ys  TS  TS 

J  i  ^  Xv^mv^nv  _  2^” 


i±ir 


(3) 


where 


L- 

UiJ 


(y)lK  I  ^/^sin(^^^(vfe) 
Ttm  /  J  {nm  /  b 


'i) 


bi 

kf=  dy  is  the  normalization  factor,  the  upper  sign  refers  to  Ep  -  modes  and 

-{bg  +Aj  ) 

lower  sign  -  to  Hp-  modes.  Transformation  coefficients  of  the  exciting  p  -  wave  into  n  -  wave  in 
the  reflected  (R„p)  and  transmission  (Tnp)  fields  can  be  obtained  from  the  following  formulas: 

r;=exp(-ir„(«)4z;+x:)/2 


Similar  sets  of  the  algebraic  equations  can  be  derived  when  solving  the  problems  of 
diffraction  of  waves  at  homogeneous  lateral  waveguide  expansion.  (See,  for  example,  [4]  and 
bibliography  there).  A  characteristic  property  of  the  presented  solution  is  that  the  propagation 
constant  y  (v)  of  the  relevant  infinite  waveguide  depends  on  its  substructure,  grating  parameter, 
and  a  resistive  film  (8). 


ANALYSIS  OF  SOLUTION 

If  the  structure  is  excited  by  modes,  the  scattered  field  consists  only  of  superposition 

of  guided  modes  {n>1).  Under  the  excitation  by  Ep  -modes  quasi  TEM  -  mode  {n=0)  exists  as 
well. 

If  we  consider  the  frequency  interval  £e«l,  average  values  of  s  j  ,  p  j  and  filling 
parameter  -  0.9  <u  <0.9,  equivalent  conductivities  satisfy  inequalities  I  I  Yp\«1.  For 

this  reason  the  grating  does  not  practically  influence  the  phase  and  amplitude-frequency 
characteristics  of  Ep  -  modes,  but  changes  substantially  the  critical  frequencies  (cEfc)  of  Hp  - 
modes.  Even  in  the  absence  of  the  dissipative  losses  in  filling  media  {Im  s  j  =  Imp  j  =0),  the 
propagation  constant  in  the  expansion  containing  a  resistive  film  has  complex  value.  When  its 
conductivity's  small  {Ya<l),  the  imaginary  part  of  it  is  in  the  low  frequency  range:  «  <  cet,  and 
the  real  part  is  in  the  high  frequency  range:  as  >as  c,  and  in  good  agreement  with  corresponding 
values  at  Ya=0.  However,  in  the  case  under  consideration,  in  low-frequency  interval  Eeyhas  small 
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Fig.  2  Frequency  dependences  of  /r  /,  b]/l=20;  b2/l~  6y'/=5;  L/l=4. 


value  not  equal  to  zero.  That  is  why  the  gradient  of  the  dispersion  dependence  is  much  less  at  the 
critical  frequency  {s  =  se  c),  than  when  RC  is  absent.  Dispersion  dependence  of  three  layered 
structure  {bi+b2+b3)  wide  with  high  conductivity  of  RC  (Y(j»l)  presents  the  properties  of  two¬ 
layered  structure  (bi+b2)  wide,  since  RC  acts  like  a  conducting  surface. 

Scattering  coefficients  of  Ep  -  modes  for  a  homogeneous  expansion  do  not  practically 
depend  on  the  grating  filling  parameter.  Characteristic  feature  of  the  fi-equency  dependence  of 
I  Roo\  (Fig.  3a)  reflects  the  conditions  of  arising  of  new  propagating  modes  and  resonant  regimes 
(n>i).  Since  the  coupling  between  the  resonator  and  the  feeding  waveguide  for  the  modes  is 
strong,  then  the  level  of  their  mutual  transformations  is  high,  and  the  resonances  at  trapped-mode 
oscillations  have  a  low  Q-factor.  For  Hp  —  modes,  a  resonant  coupling  is  weak.  Inserting  a  grating 
with  a  small  filling  parameter  (u — 0.99)  changes  abruptly  the  resonance  fi-equencies  and  increases 
strongly  the  Q-factors  of  the  trapped-mode  resonances  (up  to  10^). 

A  resistive  film  does  not  practically  change  the  resonance  frequencies,  but  influences 
critically  on  the  Q-factors  of  resonances  as  well  as  the  level  of  the  mutual  transformations  of  the 
waves. 

CONCLUSION 

Considered  model  of  a  control  device  is  a  structural  generalization  of  the  known  quasi¬ 
open  waveguide  systems.  Presence  of  the  local  dissipative  and  polarization-sensitive  elements  in 
the  resonant  region  opens  away  to  new  applications  of  these' structures  and  substantially  enlarges 
their  functional  opportunities. 
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Circuit  Modeling  for  Super-High  Speed  Processing 
Spatially  Modulated  Field  Signals 

G.A.  Kouzaev,  A.S.  Tcherkasov 

Moscow  State  Institute  of  Electronics  and  Mathematics  (Technical  University) 

3/12  B.  Tryokhsvyatitelsky  per.,  109028  Moscow 
Tel.  916-8882,  e-mail:  lmis@miem-as.ins.ru.  roQt@onti.miem.msk.su 

Abstract.  This  article  examines  the  physical  basis  of  the  superfast  SIC  components  for 
Processing  Spatially  Modulated  Electromagnetic  Field  Signals.  The  analysis  of  the  main 
physical  effects  which  are  capable  to  influence  on  SIC  components  speed.  The  possibility  of 
fulfillment  of  subpicosecond  analog  and  digital  operations  for  spatially  modulated  signals 
with  the  help  of  passive  microstrip  micron-sized  components  is  conducted.  The  outcomes  of 
subpicosecond  switch  simulation  are  discussed.  The  integration  concept  for  such  elements  in 
SIC,  constructed  on  principles  of  digital  pceudo-holography  is  offered. 

Introduction.  The  denseness  magnification  of  integration  of  SIC  elements  together  with 
growth  of  their  work  action  causes  the  growth  of  signals  space  complexity  conditioned  by 
electromagnetic  interconnections.  In  [1]  the  special  discrete  characteristic  of  spatially 
modulated  field  -  the  topological  scheme  -  was  offered  to  use  for  the  purposes  of  digital 
information  input.  The  earlier  developed  theory  (topological  approach  for  boundary  problems 
of  an  electrodynamics)  has  allowed  to  make  a  conclusion  about  a  possibility  of  fulfillment  for 
some  logic  operations  with  the  help  of  passive  (strip)  components.  The  first  device  simulation 
outcomes  which  permits  to  switch  it  with  subpicosecond  speed  in  different  stratums  of  the 
tlnee-dimensiona!  signal  circuit  depending  on  space  topolog}',  are  considered  in  [2]. 

Physical  analysis  and  theoretical  results.  The  present  article  purpose  is  to  research  three 
main  problems  in  this  area:  influence  of  solid-state  effects  in  conductors  and  dielectrics  on 
signals  processing  processes,  creation  of  perspective  subpicosecond  element  basis  for  digital 
processing  of  the  spatially-modulated  signals  and  problems  of  new  elements  integration  in 
perspective  SIC. 

I'he  essential  influence  upon  perspective  elements  performances  have  the  physical  effects  in 
solid-states  and  diffractional  phenomena  on  strip  transmission  line  discontinuities  in 
subpicosecond  modes  area  of  signals  processing.  By  the  outcomes,  indicated  in  Table  1,  of  the 
analysis  of  various  physical  effects,  on  the  basis  of  micron  strip  engineering  the  creation  of 
unquantum  circuit  components  with  subpicosecond  speed  is  possible. 

The  digital  components  for  processing  spatially  -  modulate  signals  are  constructed  on  the  base 
of  the  usage  of  field  topology  for  input,  transfer  and  information  processing.  A  typical  signal 
of  a  similar  kind  can  be  a  sequence  of  impulses  even  (logic  1)  and  odd  (logic  0)  modes  in 
connected  strip  lines  (Fig.  1,  a,  b).  The  number  of  logic  operations  above  such  signals 
manages  to  be  realized  without  use  of  semiconducting  elements  with  significant  time  delay. 
On  Fig.  2,  a,  b  the  switch  permitting  to  switch  logic  signals  (impulses  of  even  and  odd  modes 
of  micron-sized  coupled  strip  transmission  lines)  into  different  layers  of  the  three-dimensional 
circuit  is  represented.  In  the  equivalent  scheme  the  final  sizes  of  resistors  and  their  parasitic 
reactivity  was  taken  into  account.  The  duration  of  transients  for  signal  switching  of  a  signal 
did  not  exceed  several  picosecond  shares,  and  the  delay  it  made  was  no  more  than  0,03  ps. 
The  settlement  energy  costs  to  fulfill  that  operation  have  appeared  on  the  order  smaller,  than 
for  transistor  analogs. 
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Application  of  the  new  super-high  speed  circuits.  The  article  discusses  the  new  VLSI 
concept,  taking  into  account  the  tendency  to  create  three-dimensional  circuits  with  superdense 
elements  accommodation.  The  evaluations  specify,  that  owing  to  electromagnetic 
interinfluences  space  frequency  of  signals  fields  in  electronic  IC  may  be  compared  to  a  bit 
density  in  the  optical  three-dimensional  holograms.  It  is  offered  to  design  the  perspective 
specialized  electronic  IC  on  the  basis  of  simulation  of  the  hologiuphic  effects  in  picosecond 
impulses  frequency  band  with  the  usage  of  a  similarity  method.  The  principle  of  a  field 
topological  modulation  will  allow  to  use  digital  methods  to  realize  holographic  principles  of 
construction  for  the  new  circuits.  Thus,  the  number  of  processing  signal  operations  is  offered 
to  be  executed  at  the  expense  of  superfast  effects  such  as  a  diffraction  of  waves  on  strip 
components,  and  other  necessary  operations,  for  example,  management  of  interconnections 
structure,  switching  of  compared  images  frames,  amplification  and  signals  generation  to 
realize  with  the  help  of  semiconducting  components.  The  given  IC  architecture  and  the 
principles  of  its  work  will  allow  to  unite  functional  advantages  of  the  electronic  and  optical 
circuits  during  spatially  -  modulated  signals  processing.  This  report  will  discuss  the  circuitry 
solutions  from  this  area. 

Conclusion.  Method  and  circuitry  of  superfast  (subpicosecond  logic  processing  of  spatially 
(topologically)  modulated  signals  by  the  passive  strip  components  were  considered.  The 
evaluations  of  physical  effects  influencing  on  time  processes  of  picosecond  signals  processing 
were  indicated.  The  conclusion  about  a  basic  possibility  of  creation  of  strip  circuits  with 
subpicosecond  speed  was  made.  The  outcomes  about  theoretical  modeling  of  the  topologically 
modulated  signals  switch  were  discussed.  The  new  concept  of  superdense  IC,  constructed  on 
the  basis  of  holographic  effects  physical  analog-digital  modeling  for  the  topologically 

modulated  signals  was  developed. 

Table  1 .  Time  scales  of  main  physical  effects  in  IC  elements 


Physical  effect 

Time  or  frequency 
evaluation  of  an  effect 

1. 

Limited  mode  velocity  in  microstrip  transmission  lines. 

Time  delay  of  signal  in  a  microstrip  transmission  line  on  the  substrate  with 

dielectric  permittivity  e: 

~  33.3  Ve  ,  fs//^  m 

2. 

Inertia  of  interaction  of  electromagnetic  field  with  fi-ee  charge  in  the  region 
of  low  values  of  photon  energy. 

Defined  by  efficient  or 
free  mass  of  charges 

3. 

Maxwell  relaxation  time  of  charges  in  conductors: _ _ 

( 

o 

o 

o 

1 

o 

o 

4. 

Collective  effects  in  the  electronic  plasma. 

Period  of  plasma  frequency  in  the  conductors:  .  j 

-0,067- 0,2  fs 

5, 

Relaxation  phenomenas  in  dielectric. 

Time  constant  of  electronic  polarization: 

Time  constant  of  atomic  polarization 

-  1  -  10  fs 
-10- 10000  fs 

6. 

Minimal  time  of  transition  an  electron  from  one  energy  level  on  the  another 
in  atom 

~l-10fs 

- - 1 

7. 

Tvnical  theoretical  time  of  electron  relaxation  in  quantum  nanoelements: 

100-1000  fs 

8. 

J-jc - — - - - — - - — - - 

Electron-phonone  interaction. 

Resonant  frequency  in  conductors: 

-lOTHz 

9. 

Transient-time  effects  on  discontinuities  of  strip  transmission  lines  of  micron 

sizes. 

Time  constant  of  transient  process  on  discontinuities  (Idealized  Oliner 
model  for  discontinuities): 

-lOfs 

10. 

Excitation  of  higher  modes  on  discontinuities  of  microstrip  transmission 
lines  in  VLSI.  Cut-off  frequency  of  the  first  higher  mode: 

~10-100THz 

11. 

Excitation  of  surface  waves  in  micron  microstrip  transmission  lines.  Critical 
coupling  frequency  of  the  strip  and  surface  modes: 

10-100  THz 
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When  considering  the  muhicoordinate  digital  antenna  arrays  (DAA)  with  mutual 
coupling  of  channels  there  arises  a  problem  of  compact  matrix  record  of  the  responses  of 
reception  channels.  For  the  solution  of  the  given  problem  it  is  proposed  to  operate  with  a 

special  type  of  the  product  of  matrices,  named  as  ''face-splitting"  (a  □  b  =  |ajj  -Bjj)  and 

"transposed  face-splitting"  product  (TFSP)  (a  ■  b  =  aij  •  Bj]),  respectively,  [1]. 

With  the  aid  of  TFSP  it  is  possible  to  obtain  the  variant  of  analytical  model  of  two- 
coordinate  DAA  with  mutual  coupling: 

U=  (F  0W)(QBV)-A,  (1) 

where  U  is  a  block-vector  of  voltages  of  the  responses  of  DAA  channels,  Q,  V  is  the 
RxM  matrix  of  the  directivity  characteristics  of  primary  channels  in  azimuth  and  elevation 
angle  planes, 

Qi(xi)  Qi(x2)  ”•  Qi(xm)  Vi(yi)  Vi(y2)  •••  Vi(yM) 

QaC^i)  Q2(x2)  •••  Q2(xm)  •••  V2(yM) 

•  ••• 

* 

«  ♦*  .*  ♦  ••• 

Qr(xi)  Qr(x2)  •••  Qr(xm).  .VR(yi)  VR(y2)  -  VRCy^) 


"Vi(yi)‘ 

Qi(xi)  : 

VR(yi) 


QBV 


Vi(yi) 

QiCxi)  : 

VR(yi) 


Vi(yi) 

Qr(xi)  i 

.VR(yi) 


Vi(y2) 


QiCxi) 


VR(y2) 


Vi(y2) 
Q2(X2)  : 

VR(y2) 


Qr(X2  ) 


Vi(y2) 


VR(y2) 


Qi(xm) 


Vi(yM)‘ 


VR(yM). 


Vi(yM) 


Q2(Xm) 


VR(yM) 


Qr(Xm) 


Vi(yM) 


VR(yM) 


F,  W  is  the  RxR  matrix  of  mutual  coupling. 
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F  = 


1  Fj2  Fjr 

■  1  Wi2  -  Wir' 

^21  1  *“  ^2R 

•  «  •  » 

,  w= 

W21  1  W2R 

4  *  #  4 

•  *  •  • 

*  •  ♦  4 

•  4  4  4 

4  4  4  4 

Al  Fr2  1  . 

Wri  Wr2  -  1  _ 

.  1FJ<1.  |WJ<1; 


nr 

A=[ai  ^2  *•*  is  the  vector  of  complex  amplitudes  of  signals  of  M  sources. 

With  the  aid  of  identities  [  2  ]: 

(F  0W)(QBV)  =  (F-Q)B( W-V), 

one  can  obtain  that 

U  =  P-A,where  P  =  (  F'Q)B(  W- V)  (2) 

By  using  the  method  of  maximum  likelihood,  an  estimation  of  parameters  of  M  sources 
of  signals  of  two-coordinate  DAA  it  is  possible  to  be  carried  out,  by  a  minimization  of  a 
ftmctional  not  differing  in  form  from  that  used  in  one-coordinate  case.  Indeed,  it  is  possible  to 
write  down: 

L  =  {U-P-A}*{U-PA}  =  mm 

The  measuring  procedure  in  the  wo-coordinate  variant  is  reduced  to  the  minimization  of 
expression: 

L  =  tr [G •  R],  where  G  =  P-(P-P)*'P,  R  =  U-  U  . 

With  the  account  of  (2),  on  the  basis  of  matrix  Neudecker  derivative  [3]  an  information 
fisher's  block-matrix  describing  the  accuracy  of  joint  estimation  of  angular  coordinates  is 
obtained  [4]: 


1  = 


pT 

vT 


•(A®P) 


— J  .(AA 


where  is  the  Neudecker  derivative  of  the  matrix  P  by  the  vector  Y  formed  by  unknown 

estimations  of  angular  coordinates  of  m  sources;  IrrIs  the  identity  matrix  of  dimension  R  x 
R;  0  is  the  symbol  of  Kronecker-products  of  matrices. 
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Abstract.  A  unified  structure  for  performing  fast  discrete  orthogonal  transformations 
like  Fourier,  Walsh,  Haar,  Cosine  and  Sine  ones  and  nonlinear  operations  like  scanning 
window  data  sorting  for  order  statistic  and  L-filters  is  proposed  and  described.  It  permits  to 
implement  a  wide  class  of  techniques  used  in  signal  and  image  processing  applications. 
Keywords:  unified  structure,  fast  transformations,  nonlinear  operations. 

1.  Introduction 

Different  discrete  orthogonal  transformations  like  Fourier,  Walsh,  Haar,  Cosine  and  Sine 
ones  as  well  as  nonlinear  operations,  for  example,  scanning  window  data  sorting  are  widely 
used  for  analysis  of  microwave  device  performance  (antenna  array  pattern  synthesis,  control 
and  investigation  of  noise  influence  [1]  ),  digital  signal  and  image  processing  -  linear  and 
nonlinear  fiUitering  and  enhancement  [2,3].  This  deals  with  several  aspects.  First,  many  linear 
filtering  techniques  can  be  more  easily  realized  in  the  spectral  domain  [2].  Second,  a  lot  of 
discrete  orthogonal  transforms  have  fast  algorithms  and  they  are  characterized  by  very  similar 
flow  graphs  [4].  Third,  the  data  sorting  operations  used  for  many  nonlinear  filters  -  median, 
order  statistic,  L-filters,  etc.  -  also  have  fast  algorithms  with  flow  graphs  similar  to  those  ones 
used  for  transformations.  These  obstacles  run  us  into  idea  that  a  unified  structure  able  to 
execute  all  these  operations  with  switching  only  the  mode  of  elementary  node  performance 
can  be  designed. 

2.  Discrete  Orthogonal  Transform  Families.  Unified  Representation 

A  general  class  of  linear  orthogonal  transform  is  the  class  the  transform  matrices,  which 
can  be  presented  in  the  following  form: 

q  q  N/rrl 

H„=  ]  (1) 

i=l  i=l  s=0 

where  N=  r„rn-i . ri  is  the  order  of  the  transform;  n  e  {ri . rn}  for  i=  n+1, . q;  are 

(rixri)  matrices  called  spectral  kernels  and  the  symbol  0  denotes  the  direct  sum  of  matrices 

[5].  Varying  the  number  q,  permutation  matrices  i=l, . ,  q  and  spectral  kernels 

which  play  the  role  of  parameters  in  the  unified  representation  (1),  a  large  class  G  of 
orthogonal  transforms  can  be  formed.  The  common  property  of  the  transforms  fi'om  G  is 
possessing  fast  transform  algorithms.  It  should  be  noted  that  different  representations  of  the 
form  1)  may  exist  for  the  same  matrix,  or  equivalently,  different  sets  of  parameters  may 
correspond  to  the  same  transform.  The  representation  (1).  is  more  convenient  from  the 
parallel  implementation  standpoint  because  it  separates  arithmetical  operations 
(corresponding  to  direct  sums)  and  data  exchange  operations  (corresponding  to  permutation 
matrices)  each  from  the  other.  One  important  property  of  orthogonal  transforms  from  G  is 
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that  Hen  €  GoHen'^sG,  i.e.  both  inverse  and  direct  transforms  belong  to  the  same  class. 
This  family  includes  such  classical  transforms  as  discrete  Fourier,  Walsh,  Walsh-Hadamard 
(DFT,  DWT,  DWHT,  respectively)  ones  as  well  as  Haar,  Cosine  and  Sine  transforms. 

Among  many  useful  properties  of  the  unified  parametric  approach  based  on  (1)  let  us 
mention  the  following: 

1.  Representation  (1)  gives  a  unified  approach  to  fast  transform  algorithms,  thus,  not  a  fixed 
transform  but  certain  families  of  them  can  be  implemented  using  unified,  parametrically 
controlled  (or  programmable)  fast  sequential  and  parallel  algorithms  and  architectures. 
This  means  the  universality  (or  multifunctionality)  and  the  flexibility  of  software  and 
hardware  tools  designed  according  to  this  approach. 

2.  The  structure  permits  to  consider  the  problem  of  searching  the  best  (according  to  some 
features)  transform  while  fixing  some  other  features.  Besides,  hybrid  transforms  can  be 
synthesized  within  the  same  framework. 

The  unified  structure  of  fast  transform  algorithms  is  presented  in  Fig.  1  in  a  generalized 
form.  The  nodes  of  the  flow  graph  (bold  dots  in  Fig.l)  are  divided  into  q+1  levels,  the  i-th 

level  representing  the  vector  zr  . ,  i^O, . A-  There  are  edges  only 

between  nodes  of  adjacent  levels.  The  sets  of  edges  nodes  correspond  to  permutation 

matrices  . ,  P^'’^  So  the  outputs  of  blocks  (See  Fig.l)  represent  the  vector 

Zi’=  X  Zi.  The  blocks  i=0, . q-1;  s=0, . ,  N/r;-!,  represent  executions  ofAe 

basic  operations  which  are  simple  discrete  linear  transforms  with  non-identity  matrices  V  of 
smaller  (compared  to  N)  size  q.  Therefore,  computations  of  the  i-th  stage  consists  of 
a)  permutations  of  the  components  of  Zi  according  to  P^**  b)  dividing  the  resulting  vector 
Zi  into  N/tq-i  subvectors  Zi,s  and  c)  implementation  of  the  set  of  basic  operations.  So,  two 
types  of  operations  are  performed  in  a  fast  algorithm.  The  first  is  called  radix-r  butterfly  and 
the  second  is  the  permutation  (or  reordering)  operation.  It  is  worth  saying  that  some 
preliminary  operations,  in  particular  data  weighting  [1]  can  be  performed  before 
transformation  fulfilling. 


Fig.l.  Generalized  scheme  of  the  unified  structure 
3  . Nonlinear  Operations  and  Unified  Structure. 

Let  us  consider  now  an  enlarged  model  of  the  flow-graph  in  Fig.  1  allowing  also  some 
nonlinear  transformations  including  complete  sorting  of  input  data.  Formally,  fast  algorithm 
of  the  transform  y=F(x)  where  x  is  a  vector  of  N  input  samples  and  F(*)  is  some  operator 
(linear  or  nonlinear)  executed  by  the  flowgraph  consists  of  q  stages.  So  when  basic 
operations  of  (1)  are  nonlinear  then  the  output  of  the  flowgraph  is  a  bank  of  N  different  stack 
filters  Such  filters  have  been  called  FFT-ordered  L-filters  [6], 

In  the  simplest  case  of  r=2  the  basic  operations  are 
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[V(l)  =  ajjU(J)+aj,2U(2) 

\V(2)  =  a2.,U(l)+a2.2U(2)  (2) 

for  the  linear  case  which  is  called  “butterfly”  and  for  the  nonlinear  case  “compare  and  swap” 
operation 

[V(l)=p(U(l),U(2)) 

\v(2)-p(U(l),U(2))  (3) 

where  p  is  min  or  max  operator  and  p*  is  max  or  min  operator,  respectively. 

It  is  known  that  L-filters  involve  many  known  ones  as  subclasses:  median,  a-trimmed, 
min/max  filters,  for  many  weighted  order  statistic  ones  the  L-filter  with  very  close  properties 
can  be  found.  Moreover,  sigma  and  K-nearest  neighbor  filter  can  be  interpreted  as  L-filters 
with  temporarily  or  spatially  varying  parameters.  This  makes  possible  to  apply  the  proposed 
unified  structure  for  implementation  of  different  adaptive  filtering  procedures  both  with 
generally  converging  adaptation  [7]  and  local  one  [8].  It  is  expedient  from  the  standpoint 
that  among  L-filters  almost  always  exists  one  being  optimal  for  suppression  of  noise  with 
observed  probability  density  function. 

Conclusions 

The  unified  structure  and  approach  for  performing  a  wide  set  of  different  fast 
transformations  and  nonlinear  operations  (filtering)  is  proposed.  It  is  useful  for  many 
practical  applications  of  microwave  device  S3mthesis  and  analysis,  digital  signal  and  image 
processing.  The  main  advantage  consists  in  the  fact  that  the  efficiencies  of  different 
transformations  compared  to  each  other  and  that  one  optimal  for  solving  the  task  at  hand 
can  be  selected  or  updated  in  adaptive  manner. 
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In  a  linear  approximation,  a  monochromatic  impulse  passed  through  diffusing 

medium  can  be  given  by 

where  is  the  initial  impulse  and  G{t)  is  Green  function. 

According  to 

G(0  =  ^|r(7)exp(-;70^i7,  (2) 

where  r(77)  is  the  coherence  function  related  to  G{t)  by  the  Fourier  transformation,  the 
problem  of  determining  Green  function  G{t)  is  equal  to  that  of  determining  r(;7) . 

Ishimaru  [1]  studied  the  coherence  function  and  the  time  behavior  of  an  impulse  radiated 
by  plane  the  z  =  0  and  detected  at  the  distance  z  =  i  at  the  point  r  =  0 .  He  did  not  include  the 
dissipative  attenuation  into  his  approximation.  This  paper  is  an  attempt  to  extend  the 
Ishimaru’s  model  by  taking  this  effect  into  consideration.  To  do  it,  let  us  study  an  extension  of 
the  Ishimaru  equation  taking  aceount  of  the  dissipative  properties  of  the  medium 

— + ^4:^  +  7)  =  0  (3) 

\dz  2  or  'or  J 

with  the  initial  eondition  r(0,r;77)  =  l .  In  this  equation,  =  rjjlck  ,  h  —  p{z')(7pic  j^oCp , 

where  v  is  the  attenuation  coefficient,  k  is  the  wave  number  of  EM  radiation,  c  is  the 
velocity  of  light,  piz)  is  the  concentration  of  the  scatterers;  <7^  is  the  scattering  cross-section; 

Op  is  the  angular  eoefficient  of  scattering  which  is  approximately  equal  to  the  ration  of  the 

scatterers  diameter  D  to  the  EM  wave  length  X  [1,2]. 

Within  the  random  paths  model,  an  output  impulse  can  be  represented  as  a  superposition  of 
subimpulses  which  arrive  at  the  detection  point  along  different  paths  due  to  the  scattering.  Ita 
this  case,  the  EM  impulses  propagation  can  be  considered  a  diffusion  stochastic  process.  This 
is  the  Omstein-Uhlenbeck  dissipative  stochastic  process  which  is  the  solution  to  the  Langevin 
equation  ^{z)ldz  =  vr{z)  +  u(z),  where  v  is  the  attenuation  and  u(z)  is  the  generating 

process.  Here  w(z)  is  “white  noise”  [3]. 

The  solution  to  equation  (3)  can  be  written  as  a  path  integral  over  every  path  starting  at  the 
points  {ro}  of  the  plane  z  =  0  and  finishing  at  the  detection  point  of  (z  =  L,r,^=  0) 

r(z,  r,  ?7)  =  I d\  (z  =  0,  To  I  exp[ -  J|r(z)| '  rfe  |  z  =  I,0) .  (4) 

The  correlator  Kp{z,z’)  of  the  process  r(z)  is  the  following: 
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K^{z,z')  =  g(z);7exp(-  \\z-z'\). 

The  required  function  r(z,r,  rf)  has  the  form  of 


Siz)  = 


Pi.z>p 

Svcap 


(5) 


r (z,  r;  Tj)  =  exp(- vi)n (l  -  7/ 4  ,  (6) 

k=\ 

where  {4 )  is  the  set  of  the  eigenvalues  corresponding  to  the  set  of  the  solutions  { (z)|  of 
the  integral  equation 

L 

f{z)=\K^{z,z')f{z’)dz’.  (7) 

0 

Solving  the  eigenvalue  problem  results  in  the  following  equation: 


where 


r(z  =  T,0;/7)  = 


_ _ 

(^0  +  +  ^)exp(/?o.i)  -  (^0  -  -  V')exp(-i?0  J  ’ 


(8) 


L 

^0  =  +2rivg{0) ,  =  ^lv^+2rjyg(L),  +2Tjyg{z)dz  (8a) 

0 

Equations  (2)  and  (8)  are  the  general  solution  of  the  problem.  Let  us  underline  some 
regularities  of  the  found  Green  function  G(t): 

a)  all  roots  of  (8)  are  simple; 

b)  G(0)^0; 

c)  function  G(t)  is  exponentially  damped  as 

d)  function  G(t)  has  the  only  maximum  and  two  inflection  points. 

The  above  reveals  the  Laguerre  property  of  the  output  time  impulses.  Quantitatively,  those 
regularities  can  be  expressed  via  low-order  statistical  moments  of  function  G(t) . 

Zero  moment  equals  to 


(i)i  =exp(-vZ).  (9) 

The  higher  moments  we  obtain  considering  G(t)  a  distribution  density.  Time  reference 
point  being  t  -T^=L/c ,  the  impulse  center  (its  first  moment)  is  as  follows: 

^00  ^  00  L 

it)  I  =  /  Git)dt  \tG{t)dt  =  I  g{z)dz .  (10) 

^0  0  0 


The  impulse  width  cr^  =  ((^^);  is  defined  by  its  standard  deviation.  With  (8),  we 

obtain  the  following  dependence  of  its  mean-square  width: 

^2  ^  _  f(0)g(Z)^j  _  ^  1 J g^(^z)dz .  (11) 

If  the  initial  impulse  is  cr;„  wide,  then  the  output  impulse  mean-square  width  is 

We  have  carried  out  numerical  experiments  with  (2)  and  (8)  to  check  the  found  behavior  of 
hutit)  •  In  the  experiments,  there  were  two  types  of  the  density  dependence  p{z)  in  (5).  The 
first  dependence  f\{z)  -  const  and  the  other  p^{z)  was  chosen  of  Gaussian  kind.  The  results 
of  the  experiments  are  given  in  figures  1  and  2.  In  the  figures,  the  curves  are  represented  in 
arbitrary  units  with  the  calculation  parameters  being  picked  out  to  show  qualitative  results. 
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Figure  1  shows  the  evolution  of  the 
output  impulse  for  /?,  with  the 

following  parameters:  v  =  10"^w“\ 
cTp  =3-10‘'°m^  ap=3-10-^ 

p^=\(frn^.  As  one  can  see, 

steadily  stretches  as  L  increases. 

Figure  2  shows  the  results 
obtained  for  Gaussian-type  density 
distribution  with  the  center  at 
i  =  0.375  KM  and  the  standard 
deviation  of  0.1  km.  All  the 
calculation  parameters  are  the  same 
as  in  fig.  1  but  v  =  10  '.  In  the 

figure,  one  can  see  that  the  impulse 
shape  tracks  the  chosen  density  P2 
parameters  values. 

In  particular,  before  the  impulse 
runs  into  the  scatterers,  it  keeps  5- 
like  shape.  The  impulse  noticeable 
stretching  begins  after  it  enters  the 
central  zone  of  the  density 
distribution. 

Also,  both  figures  show  that  the 
stretching  is  accompanied  by  the 
impulse  energy  decrease. 

In  addition  we  have  accomplished 
numerical  experiments  for  different 
values  of  the  parameters  which 
Figure  2.  Output  time  impulse  evolution  for  jj^ygnce  the  impulse  shape,  namely, 
Gaussian-type  density  distribution.  density  distribution  center  location 

and  standard  deviation.  All  the  impulse  time  dependences  obtained  in  the  conducted 
numerical  experiments  behave  similar  to  Laguerre-type  curves. 

Thus,  we  have  shown  that  the  approach  utilized  in  Ishimarus’s  model  to  describe  a  time 
EM  impulse  shape  behavior  in  homogeneous  nondissipative  scattering  medium  can  be 
extended  to  inhomogeneous  dissipative  media.  The  model  extension  is  based  on  Omstein- 
Uhlenbeck  dissipative  stochastic  process  application.  We  have  also  found  the  explicit 
expression  for  the  problem  Green  function.  The  time-dependent  term  of  the  found  Green 
function  is  of  Laguerre  type  for  all  the  considered  conditions. 

1.  Ishimaru  A.  Theory  and  Application  of  Wave  Propagation  and  Scattering  in  Random 
Media.  Proc.  IEEE,  65, 1030-1061  (1977). 

2  Flatte  S.  M.  Wave  Propagation  Through  Random  Media:  Contributions  from  Ocean 
\4coM5ft-c5.  Proc.  IEEE,  71, 1267-1294  (1983). 

3.  Rytov  S.  N.  Introduction  to  statistical  radiophysics  (in  Russian).  -  Nauka,  Moscow  1966. 


Figure  1.  Output  time  impulse  evolution  for  unifom: 
density  distribution. 
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Abstract:  Particularities  of  stable  least  square  spectral  parameter  estimation  technique  with 
successive  growing  model  order  and  adaptive  regularization  are  considered.  Advantages  of 
novel  approach  are  displayed  by  results  of  numerical  simulation  of  complex  reflection  coeffi¬ 
cient  spectral  analysis  for  the  case  of  phase  distortion  due  to  signal  propagation  in  waveguide. 

INTRODUCTION 

Spectral  parameter  estimation  (SPE)  methods  are  very  powerful  in  various  applications.  The 
least  square  method  (LSM)  of  SPE  is  more  general  and  accurate  but  it  consumes  more  com¬ 
puter  resource.  SPE  methods  can  be  used  for  layered  structures,  microwave  component  pa¬ 
rameter  measurements  [1-3],  Peculiarity  of  this  approach  is  spectral  analysis  of  frequency 
domain  data.  Exponential  model  is  supposed  to  be  relevant.  Successive  algorithm  of  LSM  has 
allowed  us  to  take  into  account  multiple  reflections  in  the  data  and  estimate  an  order  of  expo¬ 
nential  model.  This  approach  provides  non-traditional  regularization  in  the  case  of  phase  dis¬ 
tortions  and  non-adequacy  of  model  in  the  form  of  sum  of  exponentials.  For  example,  the 
problems  mentioned  arise  in  experimental  data  processing  by  method  [3]  if  the  experimental 
data  are  obtained  using  waveguide  with  frequency  dispersion  and  therefore  phase  distortion  in 
the  exponential  model.  All  these  facts  induce  splitting  spectral  components  but  the  proposed 
non-traditional  regularization  overcomes  this  situation. 

BASIC  CONCEPTION 

The  method  is  based  on  searching  the  best  values  (minimum)  of  cost  function  (CF)  p  formed 
as  square  norm  of  difference  between  experimental  and  model  Rj^  discrete  data 

II  -  -  2  1  ^  ^  ^ 

/?=  .  (1) 

^  ^  n^\  m^l 

where  N  is  number  of  fi-equency  points  of  observation  (measurement);  cOn  are  frequencies  of 
measurement;  M  is  order  of  exponential  model;  and  tm  are  parameters  of  exponential 
model.  For  arbitrary  fixed  tm,  minimizing  p  is  equivalent  to  searching  optimal  projector  P  to 
space  Lu  spanned  by  vectors  =  [exp(-7a)„/„  )]„^,  ^ .  Using  NxM  matrix  Fu  with  columns 

e^ ,  we  obtain  optimal  projector  as  P=FF^,  where  F^  is  Moore-Penrose  inverse  matrix.  Using 
Hermitian  and  idempotent  properties  of  P,  cost  function  can  be  transformed  to 

r/  -{r„PR,).  (2) 
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Minimization  of  CF  (2)  is  equivalent  to  maximization  of  CF  ^  -  (Me  ^  PRe)-  (Me  ’  Rm)  > 
where  model  is  equal  RJ^^  =Fr  (f  is  vector  of  amplitudes ),  and  this  cost  function  is  equal  to 

<5  =  ^  -RmK)-  (3) 


Expression  for  cost  function  (3)  is  given  by 

M 


k,m-l 


■g,-g: 


detH  ’ 


(4) 


where  H=F^F  is  Gram  matrix  in  basis  ,  flkm  is  matrix  H  without  row  k  and  column  m,  Gk 
is  Fourier  transform  (FT)  of  Rg  in  point  4-  For  the  most  simple  caseM=l  cost  function  is 

I  |2 

S(ti)  =  |Gi|  .  Thus,  the  maximum  of  cost  function  (3)  coincides  with  maximum  of  Fourier 
transform  modulus. 


Successive  algorithm  is  based  on  block  structure  of  matrix  Hm  (Gram  matrix  of  M-th  model 
order).  For  the  M-th  model  order  CF  may  be  calculated  recurrently  using  parameters  esti¬ 
mated  for  the  (M-l)-th  order  one  according  to 

Pm  ~  Pm-\  I^M  s  (^) 

where  ‘s  time  difference  signal  in  point  tu,  ^4/  =  -4/-! ; 

Gm  is  value  of  FT  in  point  tu,  4^.,  =  VpM>^k)]k=y.M-\'^  Sm-\  is  vector  with  sam¬ 
ples  of  time  signal  for  Complex  amplitude  of  the  M-th  component  is  equal  to 

jdf^  .  The  process  of  model  order  increasing  must  be  interrupted,  taking  into  ac¬ 
count  assumed  noise  level,  pm-i  and  pm-  The  procedure  discussed  above  permits  the  model 
order  to  be  determined.  This  problem  is  very  important  for  components  situated  closely. 


In  the  last  case  it  is  necessary  to  use  a  regularization  to  avoid  computing  problem.  The  tradi- 

with  regularization  pa- 


,+«rii2 


tional  Tikhonov's  regularization  in  form  p“  =  |i?£.  -  FF| 
rameter  a  in  induses  following  expressions  in  proposed  algorithm 


+a  (forM=l;  d“  =\+a,  =l/(l+a)  ).  (6) 

This  regularization  reduces  standard  deviation  of  the  estimates.  But  it  requires  to  determine 
optimal  value  of  the  regularization  parameter  a.  The  novel  algorithm  provides  a  non- 
traditional  regularization  by  introduction  of  regularization  parameter 


a  = 


Pm-i 


iAG„rA« 


in  du  according  to 


(forM=l:  <  -1  +  a,  Hf  ^\l{\  +  a)  ).  (7) 

The  regularization  protects  from  splitting  estimated  parameters,  what  happens  inevitably  un¬ 
der  conditions  of  Tikhonov's  regularization. 


For  the  novel  algorithm  the  model  order  is  being  increased  successively.  This  mean  protects 
from  estimation  of  additional  noise  spectral  components.  This  regularization  protects  partially 
from  splitting  of  true  components.  If  components  are  situated  very  closely,  the  amplitude  Vm 
of  one  of  them  will  become  approximately  equal  zero. 
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If  two  spectral  peaks  after  FT  are  overlapping  and  forming  single  common  peak,  the  follow¬ 
ing  technique  is  used.  After  FT  and  estimation  of  single  peak  parameters  the  model  data  with 
estimated  parameters  are  subtracted  from  frequency-domain  signal.  Parameters  of  two  maxi¬ 
mum  peaks  of  residue  are  used  as  initial  guesses  of  optimization  procedure.  If  amplitudes  of 
latter  peaks  are  lower  than  noise  level  the  decision  of  presence  of  only  single  peak  are  taken. 

NUMERICAL  SIMULATION  RESULTS 

Testing  the  method  was  carried  out  for  data  those  are  corresponded  to  measurements  of  com¬ 
plex  reflection  coefficient  of  metal  plates,  located  in  distance  3 1  sm  from  reference  plane  (in 
frequency  band  21-^-41  GHz,  A=101).  This  distance  consists  of  rectangular  waveguide  with 
cross-section  7.2x3 .4  mm  and  length  25  sm  and  6  sm  in  free  space.  LSM  method  withM=2 
without  regularization  gives  merge  of  estimated  locations  {h=ti)  and  significant  growth  of  es¬ 
timated  amplitudes  (ri=38.6;  ^2=37.6).  In  this  situation  the  traditional  Tikhonov's  regulariza¬ 
tion  caused  splitting  estimated  peaks  (ri=0.5;  ^2=0. 5).  The  novel  regularization  has  given 
physically  reasonable  estimates  of  peaks  amplitudes  (ri=1.0;  ^2=0.0). 

Numerical  research  of  the  best  value  of  regularization  parameter  in  form  (6)  was  carried  out 
for  case  t\=0.20,  t2=0.25,  fy=-\,  fN=\,  7\r=101  and  unit  amplitudes  in  presence  of  noise  with 
standard  deviation  a=10'^.  In  absence  of  regularization  (a=0)  mean  square  error  (MSE),  de¬ 
fined  as  a  sum  of  displacement  and  standard  deviation,  was  6.1- 10'^  (for  generalized  pencil- 
of-function  method  (GPOFM)  [4]  it  was  7.9- 10'^).  Optimal  value  a=10'^  has  reduced  MSE  in 
almost  50  times.  It  was  1.7-10’'*,  thus  the  displacement  of  the  estimates  has  decreased  on  2  or¬ 
der,  that  shows  necessity  of  use  of  a  regularization  in  LSM  to  receive  significant  advantage 
above  GPOFM.  The  mentioned  reseeirches  were  carried  out  for  different  levels  of  noise  in  the 
data.  For  g=810^  without  regularization  (a=0)  MSE  was  6.0-10"^,  for  found  optimal  value 
a=1.510’'*  it  was  1.4-10’^.  For  0=1-10’'*  without  regularization  (a=0)  MSE  was  6.0-10’'*,  for 
found  optimal  value  a=5-10’^  it  was  2.1-10’^. 
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Abstract 

The  one  of  the  main  aspect  of  the  Mueller  matrix  measurement  is  the  asf^ct  of  physical  realisability  of 
the  Mueller  matrix.  Condition  for  the  physical  realisability  of  Mueller  matrices  is  the  transformation  Poincare 
sphere  of  the  probing  radiation  to  the  Poinkare  sphere  of  output  radiation.  In  practice,  it  mems,  mt 
polarization  degree  of  output  radiation  must  be  in  range  from  0  to  1  for  any  polarization  state  of  probing 
radiation.  But  there  can  be  the  situation,  when  experimentally  measured  Mueller  matnx  may  give  us 
polarization  degree  of  output  radiation  more  than  1,  so,  unrealizable  Stokes  vector.  Such  Mueller  matnx  is 
called  physically  unrealizable.  But,  in  practice,  the  availability  of  measurement  error  may  cause  situation,  when 
experimental  (properly  measured)  Mueller  matrix  of  real  object  is  physically  unrealizable.  Thus,  conditions  of 
physical  realisability,  taking  into  account  Mueller  matrix  elements  measurement  error,  are  obtained. 


Introduction 

Methods,  based  on  studying  of  changes  of  polarization  state  of  electromagnetic  radiation  after  reflection, 
scattering  or  transition  throu^  the  object,  are  called  polarization  methods.  Last  time^lanzation  “^t  ods 
played  very  important  role  in  the  studying  and  analysis  of  different  anisotropy  objects.  The  explanation  of  this 

is  in  the  great  increasing  of  information,  taken  about  the  investigating  object. 

The  electromagnetic  radiation  can  be  presented  by  the  Stokes  vector  S.  in  the  following  form  [1] . 

S  =  {I,Q,U,VY 

This  presentetiJn  contains  information  about  polarization  state  of  electromagnetic  radiation  including 
depolarization.  Polarization  degree  of  electromagnetic  radiation  can  be  calculated  by  next  formulae[l] : 

(2) 

P= - j - 

where  Q,U,V,I  -  are  the  component  of  output  Stokes  vector. 

For  any  possible  electromagnetic  radiation,  polarization  degree  must  be  in  range  0  .1.  If  this  condition 
doesn’t  fulfilled,  then  the  Stokes  vector  is  physically  unrealizable.  All  physically  realizable  polarization  state 
may  be  geometrically  presented  using  equation  of  the  sphere: 

+y^  +z'^  <R^ 

and  point,  defined  by  there  component  {Q,U,V )  of  the  Stokes  vector  must  be  in  the  sphere  with  radius 
I  -  it  is  condition  for  the  physical  realisability  of  the  Stokes  vector[2].  This  sphere  is  called  Poincare  sphere  of 

^l^nz^hriS^ltera^Stof  probing  radiation  with  the  investigated  object  (interaction  withwt  change  of 
radiation  frequency),  can  be  fully  expressed  by  Mueller  matrix  4x4  of  real  elemente,  which  ^ 

vector  of  polarization  state  of  probing  radiation  into  output  Stokes  vector  of  output  electromagiKtic 
case  of  linear  interaction,  Mueller  matrix  contains  all  possible  information  of  anisotropy  properties  of  the  object 

Mueller  matrix  formalism  was  suggested  in  1948,  but,  for  today,  the  question  of  physically 
Mueller  matrix  does  not  solved  completely.  There  was  some  attempts  to 
Mueller  matrices,  but  there  pays  no  attention  to  measurement  error  influence  ^  ^ 

one  state  of  probing  radiation,  for  polarization  degree  of  output  electromagnetic  radiation  is  more  than  1,  then 

-  po^zauoa  otou.^  is  1  « 

polmizalioii  stalfs  of  probing  racBalioii.  In  case  of  measuremein  error  presence,  it  is  the  typical  situation  when 
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after  model  probing  of  experimental  Mueller  matrix  by  fiiUy  polarized  radiation  we  can  obtain  output 
polarization  degree  more  than  1,  so,  this  Mueller  matrix  must  be  physically  unreliasible. 

This  is  only  one  evidence  of  imperfectence  of  definition  physical  unreliasability.  So,  file  goal  of  this 
work  is  to  present  inequation,  defining  physically  realizable  objects  and  taking  into  account  measurement  error. 
Another  task,  which  is  solved  in  this  work,  is  the  estimation  of  the  measurement  error,  with  which 
experimentally  obtained  Mueller  matrix  is  physically  realizable. 

For  all  these  purposes  we  have  given  correspondent  analytical  expressions 

Theory 

The  one  of  the  most  exploited  methods  is  the  methods  of  the  model  probing.  In  this  method,  we  analyze 
Mueller  matrix  by  the  virtual  (mathematical)  probing  by  radiation  with  any  possible  polarization  states.  This 
method  may  give  us  anizotropic  characteristic  of  the  object.  The  question  of  physical  realisability  of  made 
measurements  is  also  the  question  of  correctness  of  the  measurement  method.  For  today,  measurement  error 
presence  make  it  impossible  to  make  conclusion  about  its  physical  reality.  At  present  time,  the  simplest  way  is 
to  say,  that  if  there  is  a  polarization  state  of  probing  radiation,  for  which  output  Stokes  vector  is  physically 
unrealizable,  then,  this  Mueller  matrix  is  physically  unreliasible  [14] 

So,  let  us  consider  arbitrary  Mueller  matrix  ; 


M  = 


M,s 

^13 

Mu 

M,, 

^12 

Mjs 

Mu 

Ms, 

^32 

M33 

Mu 

M„ 

M4, 

M,3 

Mu_ 

(4) 


S  = 


(5) 


We  shall  analyze  output  polarization  degree,  so  we  will  use  model  probing  by  fully  polarized  radiation. 
It  is  known,  that  the  Stokes  vector  of  fully  polarized  electromagnetic  radiation  can  expressed  in  the  following 
form : 

1 

cos(2  •  $)  •  cos(2  •  s) 
sin(2  •  9)  ■  cos(2  •  e) 
sin(2  •  e) 

where  6  is  azimuth  of  ellipse  polarization,  s  is  the  ellipsity  of  polarization  state. 

It  is  obvious,  that  for  some  polarization  state  of  probing  radiation  the  measurement  error  influence  may 
provide  the  polarization  degree  more  than  1 .  And  now  the  task  is  to  calculate  divergence  of  polarization  degree, 
caused  by  the  measurement  error. 

We  have  found  expressions  for  maximum  output  polarization  degree  independent  of  input  polarization 
state.  Considering  it  as  the  function  of  16  variables,  we  have  expanded  it  into  Taylor  series  by  measurement 
error  and  taken  linear  estimation.  It  is  quite  physically  substantiated,  because  quadratic  error  dependence  is 
neglectively  less  [5]. 

Let  the  measurement  error  of  Mueller  matrix  element  be  S ,  then  we  can  write  conditions  for  the 
physical  realisability  of  tlie  object  in  the  following  way: 

ILiMu  -<Mn  +JM„|  ,5 


k^2 

4 


k=\ 

4 


-A/,.,)’ -(Mn  £  2|W.., -M„[S 

k=2  k=l 

-(M„ 

k=\ 

t,(Mu 


(7) 


k^2 
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Z(W„  -(M„  +A/„|  5 

t=2  jfc=l 

*=2  /fe=l 

A:=2  ifc=l 

iw.,,  -M.,,  -M„  M,,  £  + 

Jk=2  it-1 

it=l 

We  can  test  the  execution  of  inequalities  (7)  and  make  conclusion  about  its  physical  realisability,  basing 
on  the  standard  device  measurement  error.  So,  if  Mueller  matrix  of  the  object  satisfies  this  conditions  then  we 
have  all  reason  to  claim  that  it  is  physically  realizable. 

From  other  hand,  we  can  also  find  the  least  measurement  error  S ,  for  which  conditions  (7)  are  fidfilled, 
so,  we  can  make  estimation  of  Mueller  matrix  measurement  error,  basing  on  experimentally  measured  Mueller 
matrix. 

Conclusions 

For  example,  let’s  consider  one  simple  example  -  experimentally  measured  Mueller  matrix  of  the  empty 

space: 

1  -0,0104  -0.0234  -0.0057' 

0.0035  1.0123  0.0161  0.0015 

(8) 

-0.0030  -0,0096  0.9879  -0,0049 

-0.0049  -0.0037  -0.0128  0.9995 

It  is  evident,  that  this  matrix  is  physically  unrealizable  [14],  but  we  have  made  proper  measurement 
(!)  [5-6],  At  the  same  time,  the  conditions  (7)  are  folfiUed  for  standard  device  measurement  error  5  =  0.03 . 
And  this  is  typical  error  for  oxir  Mueller  polarimeter,  and  this  Mueller  matrix  is  physically  realizable  with 
measurement  error  >  0.01 5 . 

So,  we  have  presented  inequations,  characterizing  physically  realizable  Mueller  matrices,  measured  with 
measurement  error  d . 

We  can  also  estimate  9  measurement  errors  to  fulfil  each  inequation  fi'om  (7).  The  maximal  of  these 
measurement  errors  will  be  taken  as  a  least  measurement  error,  with  which  this  Mueller  matrix  can  be 
physically  realizable. 
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1.  Introduction 

In  contemporary  world  the  information  presented  in  the  form  of  image  becomes  more  and  more 
popular.  Systems  like  Windows  or  WWW  use  this  way  of  presentation  for  most  applications.  In  the  other  hand, 
transmitting  and  storing  huge  files  containing  image  data  require  enormous  memory  size  and  broadband 
communication.  Thus,  seeking  new  methods  of  image  compression  is  still  well  aRjreciated.  In  the  paper  a  new 
annoach  to  image  compression,  using  Wavelet  and  Piecewise-Linear  Transforms  is  presented. 

2.  The  Transformations 
2.1.  One-Dimensional  Case 

For  a  discrete  signal  x(n),  «  =  0,  1,  2,  ...,  N-\  any  discrete  transform,  mapping  the  signal  from  the 
original  domain  to  the  transform  domain  can  be  given  in  the  form  of  the  generalised  Fourier  series  [1,8, 13,17]: 

N-l 

xin)  =  •  <Piin)  M  =  0,  1, 2, ...,  N-\  (1) 

i=0 

where: 

Ci  -  coefficients  of  the  expansion  (spectrum); 

Pi(n)  -  set  of  the  basis  functions,  constituting  the  transformation  kernel. 

The  expansion  coefficients  are  defined  by  the  following: 

j  JV-l 

Ci  =  «  =  0, 1,  2, ...,  N-l  (2) 

n=0 

where  -  normahsing  coefficients,  depending  on  the  ^pe  of  transformation. 

The  above  equations  define  a  pair  of  transformations:  forward  (2)  and  inverse  (1).  In  order  to  obtain  the 
required  type  of  transformation,  appropriate  basis  functions  must  be  used  in  (1)  and  (2).  Specific  cases  of  the 
Wavelet  and  PWL  Transforms  are  presented  below. 

a)  The  Wavelet  Transform 

The  Discrete  Wavelet  Transform  is  defined  according  to  (1)  and  (2),  when  the  basis  functions  Pifn)  are 
chosen  to  be  the  discrete  basis  wavelets  [3,4,7,10,15]: 

-i 

hk  (”)  =  -rt-k)  (3) 

where:  /  -  scale  coefficient,  k  -  translation  coefficient. 

The  discrete  basis  functions  are  scaled  and  translated  versions  of  the  basic  wavelet,  given  by  the  following 
equation:  > 
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The  shape  of  the  basic  wavelet  can  be  chosen  dependent^  on  the  application.  Among  many  proposed  function 
particularly  the  Daubechies  wavelets  are  well  appreciated,  because  of  their  fractal  character  and  compact 

suCT»rt.[3,4,15]  ,  j  •  1 

The  normalising  coefficient  in  (2)  is  constant  and  independent  on  the  analysed  signal. 


b)  'fjalsh  Piecewise-Linear)  Transform  is  defined  according  to  (1)  and(2)  with  the 

basis  functions  chosen  as  the  discrete  PWL  functions  [5,6,12,13,14]. 


ip,(n)  =  PWLjin) 


(5) 


where  PWLM  -  set  of  discrete  PWL  functions  defined  as  the  result  of  integrating  the  Walsh  functions  and 
supplementing  the  obtained  set  of  fimctions  with  the  constant  function 


PWLofn)  =  1  .[13,14] 

The  normalising  coefficients  in  (2)  are  given  (6): 


where  k  -  index  of  PWL  group,  k  -  1,2, ...,  log2Af. 


2.2.  Two-Dimensional  Case  .  ^  •  u* 

Expansion  of  the  above  transformations  into  two-dimensional  case  is  denved  straight  irom  t 

dimensional  case.  The  transforms  described  above  are  applied  to  rows  and  columns  of  the  analysed  two- 

dimensional  signal,  i.e.  the  image.  Detailed  description  can  be  found  in  [13]. 


""  perfonnance  an  Unage  of  a  giann  das,  is  fiss.  modelled  b,  eompj^sim. 

alROrithm  to  generate  some  intermediate  representation  of  image  depending  on  the  chosen  inethod  ot 
compression.  The  attention  has  been  concentrated  on  the  step  of  modelling,  where  the  two-stage  transformation 

is  used  to  generate  the  intermediate  representation  of  the  image.  .  . 

First  the  original  image  is  wavelet  transformed  to  obtain  a  pre-intermediate  representation,  consisting 
of  four  subimages  (see  Fig.  lb),  being  the  result  of  spatial  low-pass  and  high-pass  filtenng.  At  this  stage  the 
zonal  sampling  is  performed  and  only  the  low-pass  filtered  subimage  is  kept. 


a) 

Fig.  1.  Examples  of  a)  original  image,  b)  Wavelet  Transform  of  the  original,  c)  PWL  Transform  of  the  selected 


zone 


Second,  the  preKXimpressed  image  is  PWL  transformed,  what  produces  the  P^  spectrum  of  the 
former  representation  (see  Fig.lc).  Then  the  threshold  compression  is  performed  and  the  final  mtermediate 

representation  of  the  image  is  obtained. 

Reconstruction  of  the  original  image  requires  similar  two-stage  decompression  prwess.  Firet,  the 
Inverse  PWL  Transform  is  calculated,  and  then  the  intermediate  reconstruction  is  transformed  by  the  Inverse 

Wavelet  Transform. 
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4.  Results  of  experiments 

The  above  compression  algorithm  has  been  applied  to  a  set  of  typical  test  images.  The  distortion  of  the 
reconstructed  image  is  measured  in  terms  of  classical  criteria:  mean  square  error  (MSE)  and  Peak  Signal-To- 
Noise-Ratio  (PSNR),  defined  by  (6)  and  (7),  respectively. 


i^O  J=0 

(6) 

~  255^ 

P6M?(/,/)  =  lQlogio  [dB] 

MSE(1,1) 

(7) 

where: 

I,  I  -  original  and  reconstructed  image,  respectively; 

M,N  -  number  of  row's  and  columns  in  the  original  and  reconstructed  image. 


Some  results  of  application  of  the  two-stage  compression  are  presented  in  Fig.2. 


a)  b)  c) 

Fig.2.  Two-stagecompressionversus  various  threshold  values/?:  a)/?  =  0.01,  b)/?  =  0.1,  c)/7=  1. 

On  the  base  of  subjective  visual  evaluation  we  can  state  that  the  results  obtained  for  p  —  0.01  and  /?  =  0.1  are 
acceptable.  Significant  distortion  can  be  noticed  for  /?  =  1. 

The  comparison  of  compression  results  for  different  ^ijes  of  images  is  depicted  in  Fig.3. 


Fig.3.  a)  MSE  versus  threshold  value,  b)  PSNR  versus  threshold  value 


We  can  state  that  both  coefficients,  as  MSE  and  PSNR  strongly  depend  on  the  type  of  image.  They  get  better 
values  for  unages  containing  few  details  (example:  Tools)  than  for  images  with  maity  details  (example: 
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snm-  I«  “  “SE  and  PSNR  ate  acceptable  tor  teshold  valuer  not  ettceedine  about  5»/. 

maximum  value  of  the  spectrum  coefficients. 

4.  Conclusions  twn  tvw*!  of  tranrformations,  which  combine 

The  proposed  approach  to  image  com^ess^  ^  Transform  produces  a  special 

different  methods  of  compressioa  Dimng  the  g  soatial  low-pass  filtering, 

representation  of  the  image,  contaimng  in  ^rti^lar  a  s  i  |  ^  further  processing.  At  the  second 

Thanks  to  the  zonal  compression  scheme  only  cojnpressed  by  the  threshold  compression 

aage  the  PWL  Wonn  giver  the  P^  *e?i»ed  rchente  ir  ettctive. 

S^„S“^.r»nT^°^P^=rred  in»ge.  Thar  looldng  tor  a  relation  defining  wer  ot  intager 
predeslinS^fo^ch  a  two-stage  compression  remains  the  sul^ect  of  further  researc  . 
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Abstract:  Six-port  data  processing  on  base  of  holographic  technique  with  three  reference  signals 
and  corresponding  means  of  generalized  residual  formalizes  regularization  are  discussed. 

INTRODUCTION 

Now  traditional  way  of  complex  reflection  and  transmission  coefficient  determination  is  use  of 
vector  analyzer  in  form  of  six-port  reflectometer  or  four-port  reflectometer  with  different 
successive  loads  that  are  utilized  as  source  of  reference  signals.  The  four-port  reflectometer  is  an 
ordinary  phase-meter  with  two  summers,  traditional  realization  of  which  is  use  of  magic  T. 
Usually  simultaneous  solution  of  three  quadratic  equations  is  searched.  For  non-linear  problems,  it 
is  difficult  to  realize  traditional  ways  of  regularization.  But  both  reflectometers  realize  holographic 
approach  with  three  reference  signals  [1],  thus  special  system  of  linear  equation  can  be  formed. 
This  fact  opens  perspectives  of  the  use  of  Tikhonov's  regularization. 

In  differ  from  the  traditional  approaches,  six-port  analyzer  on  base  of  E-plane  cross-junction  of 
standard  rectangular  waveguides  has  been  developed  [2],  This  device  divides  the  input  power  in 
four  approximately  equal  parts.  Simultaneously  it  serves  for  summation  of  a  signal  under  test  with 
three  reference  signals  obtained  by  dividing  the  input  signal. 

Peculiarity  of  use  of  the  cross-junction  is  an  opportunity  to  evaluate  scattering  matrix  elements  with 
use  of  rigorous  electrodynamic  methods.  The  cross-junction  has  rather  smooth  frequency 
characteristics  in  whole  work  band  of  rectangular  waveguide. 


HOLOGRAPHIC  METHODS  WITH  THREE  REFERENCE  SIGNALS 

E-plane  cross-junction  of  standard  rectangular  waveguides  is  used  as  the  basic  element  of  six-port 
analyzer  [2].  The  cross-junction  is  described  with  scattering  matrix  Sij.  Using  clockwise  numbering 
of  ports  we  assume  that  input  port  is  port  1  then  port  4  is  port  for  attachment  of  standards  and  loads 
under  test.  The  system  transforms  into  ill-posed  system  by  the  use  of  port  3  to  attach  load.  From 
symmetry  of  the  device,  S21  =  *541  =  <514  =  Sn  =  1534  =  S32  follows.  Matched  power  meters  are 
connected  to  ports  1,2,3.  Directional  detectors  are  used  as  matched  power  meters,  which  measure 
voltages  Ui,2,3  proportional  to  corresponding  powers  Pi,2,3  in  ports  1,2,3.  Additionally  directional 
detector  for  input  power  Po  measurement  is  connected  to  port  1.  Multiple  reflections  between 
device  under  test  and  transducer  was  taken  into  account  by  new  variable  A4,  which  is  bilinear 
transform  of  reflection  coefficient  A4  =  riS4i  /  (l-riS44)  =  A'A+jA'U- 


According  to  the  technique  [1]  of  processing  in  the  holography  with  three  reference  signals  the 
following  system  of  two  linear  equations  have  to  be  solved 


Ba  =  q, 


q  = 


9»./2 


(1) 


where  B  is  matrix  with  elements  =  Re(  )  1 5'n4  |  ^-  Re(  S\iSn4 )  |  .S'„,4  t  Bn  = 

-  Im(  SmiS*m4 )  1 .5„4  I  ^  -  Im(  SaiS*r^ )  1  5'm4 1  ^  ^21  =  Re(  S\iSm  )\Si4\^  -  Re(  S*nSu )  I  *S'lc4  I  \ 
B22  =  Im(  .5ki*5*k4  )  I  .5i4  I '  -  Im(  ,5„5*,4 )  |  ^4 1  ^ 
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Values  ^mn,  which  determine  elements  of  the  vector  q,  equals  to 

^mn  ~  (/?tn“P0m)  |  ‘^n4  |  “  i.Pn  ~ POa  )  I  <^104  j  (^) 

with /7o  =  l*S'iiP  and  p\  =  |5'uiP  UtiolA  /  ( t/dt/o ),  where  Sm  is  equal  to  Sn  +  SaSuTc/  (l-SiiFc).  To  is 
a  calibrating  standard  reflection  coefficient,  Udo  and  Uo  are  the  voltages  of  input  power  under 
calibration  and  measurement  correspondingly,  Uoi  and  Ui  are  voltages  being  measured  in  cross¬ 
junction  ports  under  calibration  and  measurement  correspondingly.  In  differ  from  the  scheme  of 
processing  [1]  for  our  case  it  is  necessary  to  multiply  the  first  term  in  (2)  on  |5n4p,  and  the  second 
term  in  (2)  on  |iS'm4p- 

REGULARIZATION  PROCEDURE 

Holographic  processing  [1]  replaces  three  quadratic  equations  to  linear  algebraic  system.  Thus,  the 
standard  Tikhonov's  regularization  [5]  for  linear  system  can  be  used 

{B^ B  +  aJ)  Si  =  q.  (3) 

Numerical  experiment  has  shown,  that  the  solution  of  (3)  with  cx  =  0  coincides  with  the  solution 
obtained  according  to  the  method  of  radical  center  with  accurate  to  calculation  error.  Principle  of 
generalized  discrepancy  demands  to  estimate  norm  of  difference  of  rigorous  operator  and  its 
approximation.  That  is  rather  difficult.  According  the  generalized  discrepancy  principle  of 
regularization  parameter  depends  on  solution  norm.  We  practically  determined  regularization 
parameter  from  best  value  for  standard  load  with  reflection  coefficient  that  was  approximately 
equal  to  reflection  coefficient  of  load  under  test. 

Principle  of  generalized  residual  formalizes  regularization  parameter  a  searching  as  the  root  of 
equation 

where  5  is  measure  of  error  in  q,  /i  =  ||5  -  5rl|,  and  Bi  is  rigorous  operator,  p  -  inf  ||5a  -  q  ||  is 
measure  of  inconsistency.  Values  6,  h,  p  can  be  determined  by  calibration  procedure  with  three 
standard  loads.  It  is  very  important  that  according  to  (5)  a  depends  on  value  of  thus  a  is 
function  of  load  reflection  coefficient. 

Unfortunately  ^4  substantially  depends  from  value  off.  Variation  of  the  phase  of  F  from  0°  to  360° 
with  step  20°  have  showed  that  |^4|  has  changed  in  ~  2.5  times  for  |r|=l,  in  1.5  times  for  |r|-0.5  and 
only  in  -1.2  and  1.09  times  for  |r|  equal  to  0.2  and  0.1  correspondingly.  Thus,  choosing  a  for 
standard  loads  with  rather  small  RC  allows  us  to  determine  optimal  value,  for  large  values  of  |r|  the 
approach  is  failure.  This  fact  explains  that  a  optimal  for  |r|«0.2  have  given  accurate  result  for 
iri^O.l  and  vice  versa.  But  utilization  of  a  optimal  for  metallic  plate  has  not  been  successful  for 
sliding  short  circuit  piston. 

CONCLUSIONS  ,  .  ,  u 

The  traditional  variants  of  six-port  reflectometer  has  direct  links  F  and  solution  of  linear  algebraic 

system  therefore  The  proposed  approach  is  more  perspective  in  this  case. 
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where  ||.v||  =  A'/  +  x]  +  Aj  +  A4  +  x]  +  xl  +  x]  +  Xg . 
Tliis  set  (2.6)  can  be  rewitten  in  the  following  form  : 

Ax  =  IIaII  •  X 


(2.7) 

The  analysis  of  this  set  shows,  that  this  set  has  8  solves,  except  trivial  (zero  Jones  matrix).  As  the  main 
matrix  A  is  symmetrical,  that’s  why  there  are  only  four  independent  solves.  The  steps  in  solving  this  set  must 
be  nexl : 

•  determination  of  eigenvectors  and  eigenvalues  of  matrix  A. 

•  the  selection  of  closest  to  4*Mi  1  eigenvalue. 

•  to  normalize  selected  eigenvector  equal  on  selected  eigenvalue  for  taking  xl..  x8,  i.e,  recalculated  Jones 
matrix. 

Experimental  examples. 

We  presents  examples  of  well  known  deterministic  objects  analysis: 


Object 

Experi¬ 

mental 

Mueller 

matrix 


Empty  Space 


1 

-0.0104 

-0.0234 

-0.0057 

0.0035 

1.0123 

0.0161 

0.0015 

-0.0030 

-0.0096 

0.9879 

-0.0049 

-0.0049 

-0.0037 

-0.0128 

0.9995 

Theoreti¬ 
cal  Mueller 

1 

0 

0 

0^ 

matrix 

0 

1 

0 

0 

0 

0 

1 

0 

_o 

0 

0 

1 

Theoreti¬ 
cal  Jones 

\ 

0" 

matrix 

0 

1 

Ideal  linear  polarizator 
1  0.774  0.632  -0.001 

0.778  0.61  0.50  -0.001 

0.593  0.468  0.382  -0.004 
0.003  0.002  0.002  0 

1  as(2-6>)  an(2-^  0 

(xs(2  6)  00^(2-^  oa8(2'^  sin(2-^  0 

sin(2-^  m\2-0  0 

0  0  0  0 

cos^(2'^)  cos(2-0)sin(2-^) 

cos(2-^)-sin(2-^)  sin^(2-0) 


Recalcu¬ 
lated  Jones 
matrix 


0.889-1-0.001 
0.301  +  1-0.001 


0.317  +  /- 0.001 
0.107  +  /- 0.001 


0.706  +  /- 0.001  /- 0.001 

-0.009  -  /  -  0.003  0.708  -  /  -  0.00 1_ 

As  you  can  see,  this  method  decreases  the  measurement  error  influence  and  exctracts  deterministic  part 
enough  well. 

Conclusions 

We  have  developed  new  method  of  recalculation  experimentally  obtained  Mueller  matrix  of  determinis¬ 
tic  object  into  correspondent  Jones  matrix.  This  gives  us  the  possibilty  to  decrease  measurement  error  influ¬ 
ence. 
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Abstract.  This  paper  discusses  au  approach  to  estimation  of  statistical  ®  f 

of  inteimodulation  interferences.  Statistical  model  of  electromagnetic 

us  to  solve  this  problem  is  proposed.  Special  attention  is  paid  to  deteiranation  o 
electromagnetic  environment  model  in  time  and  power.  Illustrative  numerical  results  are  given. 
An  algorithm  based  on  the  direct  Monte-Carlo  simulation  is  used. 


One  of  the  important  problems  of  electromagnetic  compatibility  (EMC)  is  forming  a 
model  of  radio  interfering  influence  on  receiver.  In  this  paper,  we  discuss  some  points  m 
determination  of  model  of  electromagnetic  (EM)  environment.  Special  attention  vnll  be  paid 
to  studying  the  conditions  in  EM  environment  that  lead  to  intermodulation  (IM)  interferences^ 
As  the  interfering  influence  on  receiver  is  massive  and  random,  it  must  be  registered  by 
means  of  the  methods  of  probability  theory  and  mathematical  statistics.  Therefore  the  statistica 

theory  of  EMC  [1]  offers  a  statistical  model  of  EM  environment.  ^  , 

Consider  a  model  of  EMI  as  an  n-dimensional  system  of  random  points.  In  this  model  v/e 
suppose  that  interfering  signals  are  characterized  by  the  set  of  random  f  8™' 

(iE[l,...,n]),  and  hence  can  be  estimated  by  means  of  the  n^iimensional  probability  density 

fimction  (PDF),  co(Xi,X2,. -s^n)- 

In  the  case  of  statistical  independence  of  EMI  parameters. 

o(Xi,X2,...,Xn)=  no(Xi),  XjCDXi, 

where  DXi  are  the  ranges  of  radio  interference  (RI)  parameters  X;,  o(Xi)  are  one-dimensional 
PDFs  ofM^patram^ers.^ter^odulation  interferences  arrived  it  is  necessary  to  satisfy  certain 
conditions; 

1)  coincidence  of  RIs  in  time  domain; 

2)  fulfilling  the  frequency  conditions  of  IM; 

3)  sum  of  RI’s  power  forming  IM  interference  must  exceed  the  threshold  level  of 
intermodulation  Pirn 


yP;  >Pim. 


rn 


So  we  are  especially  interested  in  the  PDFs  of  RI  in  time  t,  frequency  f,  power  P. 

Suppose  that  EMI  is  formed,  in  general,  by  N  different  RI  sources.  A  first  approximation 
to  characterize  the  performance  of  these  sources  in  time  domain  ts  a  stochastic  process  without 
after-effect  [2]  known  as  Poisson  process.  Time  interval  x  between  two  occurrences  of 
interfering  signals  has  PDF  given  by 

®j('t)=^)exp(-Xj't) 
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where  7^  is  the  intensity  of  the  Poisson  law,  ^=Nj'' /To,  where  Nj'  is  the  number  of 
occurrences  in  observation  period  To,  j=l,...,N.  As  for  PDF  of  RI  duration  o)(T),  it  can  be 
improved  separately. 

By  using  the  methods  presented  in  [3]  we  can  estimate  the  coincidence  probability  of  2, 
3,...,k  RIs  and  the  mean  duration  of  pulses  of  coincidence  process,  that  is  a  measure  of  after¬ 
effect  in  the  integral  process  o(t). 

As  for  PDF  of  radio  interferences  in  the  frequency  domain,  co(f),  we  suppose  RI  sources 
to  be  uniformly  distributed,  so  that 

o)(f)=l/Df, 

and  RI  spectrum  width  is 

Af=k/T,  k>l, 

where  T  is  the  RI  duration. 

To  determine  an  opportunity  to  satisfy  the  condition  (1),  PDF  of  RI  power  o(P)  is  to  be 
considered.  Different  approaches  to  o(P)  determining  are  available.  In  [1],  for  example,  a  class 
of  hyperbolic  distribution  functions  is  proposed.  RI  power  has  PDF  as 

a)(P)=pP'",  Po^^max, 

where  P  is  a  normalization  factor,  m  is  the  distribution  parameter,  m>0,  Po  is  the  receiver 
threshold  level.  The  amplitude  range  D=Pmax/Po  of  interfering  power  and  the  ratio  Dim=Pim/ 
Po  are  important  parameters  of  EM  environment  as  well. 

In  order  to  estimate  an  opportunity  to  satisfy  the  condition  (1),  we  define  the  probability 
P  that  the  power  of  a  single  RI  exceeds  the  threshold  level  of  intermodulation.  Pirn.  This 
probability  is  determined  as 

Pmax 

j  pP'^'dP. 

Pirn 

Some  numerical  results  are  shown  in  Figs.  1  and  2.  Dependences  of  probability  P  were 
investigated  for  the  following  set  of  EM  environment  parameters  D:  D=1E6,  D=1E7,  D=1E8, 
D=1E9,  D=1E10,  D=1E11,  D=1E12 

P 

lE-l 


lE-2 


lE-3 


lE-4 

lE-5 

lE-6 


1  I - 1 - \ - 

Dim=lE5 

- 

m=1.75 

m=2 

_ 1 _ 1 _ 1 _ 1 _ 1 _ 

6  7  8  9 

10  11  IgD 

Fig.  1. 
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In  Fig.  1  we  show  the  probability  P  of  exceeding  the  single  interference  threshold  level  Pim 

versus  D,  with  PDF  ©(P)  parameter  m=1.25,  1.5, 1.75, 2. 

As  can  be  concluded,  P  is  a  decreasing  fiinction  of  m.  This  can  be  explained  by  t  e 
increasement  of  the  mean  of  RI  power  in  accordance  with  decreasement  of  m.  This  dependence 
was  obtained  when  Dim  was  equal  to  1E5. 

Dependences  of  the  probability  P  on  EM  environment  parameters  Dim  and  D  are  shown 
in  Fig.  2.  EM  environment  parameter  m  is  equal  to  1.5.  Dependences  of  P  on  EM  parameter 
Dim  do  not  need  any  special  comments. 


In  this  work,  the  dependence  of  the  probabihty  P  for  the  different  EM  environment 

parameters:  m,  D,  Dim  has  been  investigated. 

It  is  known  that  probability  of  arising  of  IM  interference  formed  by  more  than  5  Rl 
signals  is  negligibly  small.  In  this  research,  by  using  the  Monte-Carlo  method,  it  was  shown 
that  under  conditions  of  increasing  the  number  of  interfering  signals  from  1  to  5,  the  probabihty 
P  increases  proportionally. 

The  method  proposed  in  this  paper  enables  us  to  set  the  concrete  values  of  RI 
parameters  X,  D,  Dim  and  the  number  of  RI  sources  to  estimate  the  probability  weights  of  IM 
interferences  formed  by  1, 2,...,  k  interfering  signals. 
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INTRODUCTION 

Development  of  the  videopulse  subsurface  scanning  systems  is  task  of  the  modem  radio-physics  and  is 
investigated  by  many  authors.  The  videopulse  (ultrawideband)  scanning  systems  usually  produce  data  that  are 
hard  to  interpret.  This  implies  a  necessity  of  developing  the  efficient  data  processing  algorithms.  Very  efficient 
ones  can  be  obtained  on  the  basis  of  the  synthetic  aperture  method  (SAM).  The  SAM  was  initially  created  for 
the  Side  Looking  Radars  in  remote  sensing  data  processing  but  can  also  be  applied  to  the  subsurface  scanning 
data  [1].  The  SAM  algorithm  can  be  divided  on  two  stages:  the  inverse-matched  filtering  of  the  reflected  by  the 
medium  signal  and  the  spatial  convolution  of  the  set  of  returned  signals.  The  first  stage,  where  the  time  deriva¬ 
tive  of  the  signal  illuminated  is  used  as  reference  function,  is  aimed  to  the  sharpening  the  echo-returns  and  thus 
to  increasing  the  vertical  resolution.  The  second  stage  is  aimed  to  the  convolution  of  the  hyperbola-like  reflec¬ 
tion  of  buried  objects  and  thus  to  increasing  the  horizontal  resolution. 

However  the  natural  media  which  are  to  be  investigated  have  a  considerable  value  of  conductivity,  so 
they  change  the  shape  of  the  signals  propagating  through  them.  This  is  the  reason  why  the  efficiency  of  the 
classical  SAM  algorithm  application  to  such  media  is  rather  limited.  Another  problem  connected  with  the  SAM 
algorithm  application  is  the  quick  growth  of  the  computational  time  needed  to  provide  a  spatial  convolution  of 
the  massive  set  of  the  echo-returns.  In  this  paper  we  represent  two  methods  which  enable  one: 

1.  to  consider  the  scanning  signal  shape  distortion  in  media  using  the  a-priory  information  about  the 
medium  under  investigation; 

2.  to  shorten  the  computation  time  about  3  times  during  the  convolution  of  the  echo-returns  set. 


PROBLEM  STATEMENT 

The  results  of  the  ultrawideband  subsurface  radar  system  work  usually  are  implemented  as  a  set  of  the 
echo-returns  e[0;©]  (0is  the  total  recording  time)  v/hich  characterize  the  subsurface 

structure  in  the  rectangular  area  which  is  defined  by  the  length  of  the  scanning  route  and  ©  .  They  are  imple¬ 
mented  as  a  matrix  N  x  M ,  where  N  is  the  quantity  of  the  time  samples  in  each  realization  and  M  is  the 
quantity  of  the  realizations  on  the  route.  The  classical  SAM  supposes  that  connection  between  the  signals  re¬ 
ceived  at  the  point  (JC;j,0)  and  transmitted  at  the  point  L,Q)  =  {xjJS)  is  established  as  follows: 


V{XR,t) 


1 

InV 


Jr 


+ 

V 


)dx  , 


(1) 


where  V  is  the  velocity  in  the  medium,  f  is  the  object  contour,  p{x,  z)  is  the  complex  reflectance  amplitude, 

X,.  is  the  point  at  the  route,  Lj  =  ■y/(x  —  Xj^  +  —  v^)^  +  are  the  distances  between  the  anten¬ 

nas  and  the  contour  point,  a  is  the  attenuation  constant.  The  relation  (1)  corresponds  to  the  Fresnel-Kirchhgoff 
diffraction  theory. 

The  data  processing  using  SAM  is  reduced  to  the  applying  to  the  v(x^,t)  an  inverse-matched  filter 
with  the  transfer  function: 


ViHf) 


1 


(2) 


where  /  is  the  frequency,  {c,  }/  ,  {i,  }/  are  the  sets  of  the  predefined  parameters,  *  means  the  complex 

conjunction,  and  V [  (/)  is  the  spectrum  of  the  time  derivative  of  the  radiated  signal.  Then  the  spatial  convolu- 
tion  of  the  echo-returns  set  is  provided  by: 

b(x,z)=  fw(X;.  ^^T+LRy2<LT+  Lr  )  +1^ ) 

1  ^  (Lr^Rf 
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Here  A  is  the  implementation  of  the  route,  w{x,t)  is  the  output  of  the  filter  defined  by  (2),  b{x,z)  is  the  so- 
called  imaging  fimction  [2],  i.e.  a  result  of  the  data  processing. 


INVERSE-MATCHING  FILTER  MODIFICATION 

The  first  problem  considered  is  the  scanning  pulse  shape  distortion  in  conducting  media  (see  Fig,  1). 
The  Fresnel-Kirchhgoff  diffraction  model,  represented  by  (1),  does  not  take  it  into  account,  and  thus  filter  (2) 
does  not  work  properly.  The  shape  of  the  radiated  pulse  can  be  estimated  by  using  preliminary  information 
about  the  medium  under  investigation.  One  can  consider  the  conducting  medium  as  a  filter  with  the  transfer 
function  that  can  be  obtained  as  follows  [3]: 

G(d,ci))  =  |r(fi>)| exp {-</«(<»)  -  -  dfi(co)} ,  (4) 


CO 


r(ffl)  =  |r(0)|e'«’r(<») ,  r(<»)  = 


—  +  ia(cD) 

c 


a(Q))  = 


CO 


gi((2;)sinh(— asinh 

2  co£o€i(co)  c 


£i  (o))ch(—  a  sinh  ) 

^2  0€Q£i{(Oy 


(5) 


Here  G(d,Cjo)  [s  the  transfer  function  at  the  depth  d ,  co-lnf ,  f  is  the  frequency  ,  ^ois  the  free  space 
permittivity,  8i  is  the  related  permittivity  of  the  medium,  conductivity,  ctj  is  the  medium  conductivity,  c  is  the 
free  space  velocity. 

The  shape  of  electromagnetic  pulse  in  loam  estimated  accordingly  to  (5)  is  presented  at  the  Fig.l.  The 
filter  (2)  uses  u'{t)  as  the  reference  fimction  and  this  can  result  in  unpredictable  errors  at  the  output.  On  the 
other  hand  the  approximation  of  G{d,0)  demands  to  use  only  the  values  of  £i  and  ctj  which  both  can  be  esti¬ 
mated  beforehand.  It  is  suggested  to  use  following  function  instead  of  u\t) ,  as  the  reference  one  in  (2),  in  or¬ 
der  to  obtain  more  information  from  the  depth  d  ; 


Frf(0  =  F-’ 


G{d,0)? 


^r\{\^[u{t)]G{d,(D)] 


(6) 


Here  F[. . .]  means  Fourie  transform  and  i^t)  is  the  scanning  signal.  Fig.  2  represents  the  real  echo-profile  (a), 

and  results  of  its  procession  by  using  (2)  with  u\t)md  d  =  2  {c,  d)  respectively. 

It  can  be  seen  from  (2)  that  modified  that  modified  filter  more  accurately  represents  the  data  from  the 
range  of  depths  of  1 .8  to  2.2  m. 

MODIFICATION  OF  THE  CONVOLUTION  PROCEDURE 

Replacing  the  integrals  in  (3)  with  finite  sums,  one  obtains: 

M  ^ 


where  is  the  sampled  imaging  function,  is  the  sampled  output  of  the  filter  (2),  Mis  the  quantity  of  the 


realizations  in  the  route  r  = 


,  and  [. . .]  means  the  integer  part.  Further, 


Lf  =  ^{x-  r)^  dx^  +  dz^  ,  =  ^(x  -  r  -  dx^  -\-z^dz^  ,  where  dx-—  ,  Z  is  the  length  of  the  route, 

M 

0  T  —  R 

dz  =  —  ,  X  =  — ; — .  If  A  is  integer  (this  means  the  following:  every  point  of  radiation  becomes  later  the 
N  dx 

one  of  reception  so  this  requirement  can  be  satisfied  physically),  then  the  following  equalities  hold; 

LR=LT(x,z,r  +  X),  (8) 

Lxix  +  l,z,r)  =  ij{x-{r-  l)fdx^  +  z^dz^  =  LR(x,z,r  - 1) ,  (9) 
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PRINCIPLE  OF  FOURIER  HOLOGRAPHIC  PROCESSING 
IN  MULTIFREQUENCY  MICROWAVE  MEASUREMENTS 

O.O.Drobakhin 
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Abstract:  Technique  of  impulse  structure  characteristic  calculation  on  base  of  ^alar 
multifrequency  measurements  using  holographic  approach  with  two  . 

proposed  Conditions  of  the  technique  realization  are  presented.  Method  of  combination  of 
Ldulus  of  autocorrelation  function  spectrum  and  phase  of  spectrum  of  cross-correlatm 
function  with  reference  signal  is  discussed.  Application  of  the  approach  for  antenna  pattern 
extraction  from  multifrequency  data  measured  under  conditions  of  reflecting  environm 

illustrated. 

Sf^g^r^ynthrsis  method  on  base  of  multifrequency  measurements  of  complex  reflection 
coefficiLt  (RC)  is  powerful  mean  to  localize  discontinuities  m 

layered  dielectric  structures  via  spectral  analysis  of  experimental  data  [1,2],  If  multi  q  V 
amplitude  scalar  measurements  is  rather  simple,  phase  measurements  is  a  problem.  Use  of 
veaor  analyzer  such  as  six-port  is  traditional  way  of  complex  reflection  and  tranMoi 
coefficient  measurements.  If  the  purpose  to  obtain  time-domain 

reflectometer  can  be  applied.  It  has  additional  reference  reflection  (comparison  reflectometer). 
Transformation  of  time-domain  signal  after  time-gating  to  frequency  domain  gives  complex 
RC  as  function  of  frequency.  Similar  to  filtering,  time-gating  distorts  boundaries  of  frequency 
hmd  Time-gating  is^a  linear  operation  thus  it  can  not  separate  completely  informative  and 
spurious  parts  of  time-domain  signals.  This  fact  induces  additional  components  of  error. 

It  was  shown  [3]  that  if  distance  between  reference  discontinuity  and  ^  f  ^  2 

(SUT)  was  provided  more  value  than  SUT  electric  thickness,  one  could  ^ 

of  transformation  into  time  domain  coinciding  with  of 

transform  of  complex  RC.  Reference  reflection  can  appear  as  before  or  after  reflections  o 
SUT  This  idea  was  applied  to  measure  reflection  characteristics  of  dielectric  stmctures  in  ee 
Lace  usi^  reflection  from  waveguide  open  end  as  the  reference  signal.  Requirement  to 
iLease  thf  distance  between  antenna  and  SUT  demands  to  use  a 

waveguide.  The  latter  has  gain  6-7  dB,  horn's  gam  is  approxmately  20-25  dB.  But  the  horn 
has  two  discontinuities.  Both  of  them  play  role  of  reference  reflections. 

LL?sLLT^Im^ftude  reflectivity  ^(0)  in  presence  two  reference  reflexions  n  and  ra  with 
time  delay  h  and  t2  from  SUT  with  complex  RC  R(g>).  Then  A{(o)  is  given  by 

^(0)  =  ^r,eM■^m)  +  r.exp(+,-0r.)  +  i?(0)f  = 

+  rii?*(0)exp(/0fi)  +  r2*i?(ro)exp(-7“^2)  +  r2i?*(©)exp(/0f2)  +  n  r2exp[/'0(f2-^i)]  + 

+  rir2*exp[-y0(t2-^i)]}- 
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For  horn,  experiments  show  that  the  autocorrelation  function  }  -  the 

inverse  Fourier  transform)  is  more  powerful  than  cross-correlation  functions  VRit)  = 
F'{rri?(oD)exp(-ya)fi)}  and  rR"(0=^^{^2*-R(oo)exp(-7(»f2)}  if  reflection  of  metal  plate  is 
measured.  For  SUT's  with  RC  0.2-0. 3,  these  fonctions  are  comparable.  For  SUT's  with  RC 
approximately  equals  0.05,  cross-correlation  functions  are  dominated.  Similar  to  open  end 
preliminary  processing  in  form  \  -  A  !  {ki  \rof’ )  with  |  ro  P  =  |riexp[/©(t2-ti)]+/'2p  is 
impossible  due  to  small  values  in  |rop.  Autocorrelation  function  of  horn  k\rof  is  subtracted 
from  experimental  data  A((o)  which  are  square  of  modulus  of  sum  of  horn  reflection 
(reference  signal)  and  SUT  reflection. 

After  subtraction  k\ro\  from  /l(co)  we  have 

A'(ai)  =  k{lR((o)f^+ri*R(G))exp(-j(oti)  +  riJ?*((n)exp(/®fi)  +  r2*R((a)exp(-jcot2)  + 

+r2R*(a))exp(/(Df2) } .  (2) 

Cross-correlation  functions  rR'(0  and  rR"(0  are  not  overlapping  if  ti,  t2  and  \t\-t2\  are  greater 
than  time  of  propagation  in  SUT.  For  SUT  time-domain  signal  extraction,  any  cross-corre¬ 
lation  function  rR'(0  or  rR{t)  can  be  used.  If  only  cross-correlation  rR{t)  is  used,  situation  can 
be  simplified.  The  conditions  for  time  intervals  must  be  realized  only  for  reference 
discontinuity  ri,  the  first  in  the  horn.  Thus  the  length  of  horn  must  be  longer  than  SUT 
electrical  thickness.  The  latter  requirement  can  be  relaxed  if  impulse  function  of  SUT  has 
tendency  to  decrease.  Effect  of  cross-function  overlapping  is  negligibly  small  in  this  case. 

Measurements  are  multifrequency  ones.  Batterworth  form  time-gating  the  result  of  inverse 
Fourier  transform  for  extracting  the  cross-function  and  direct  Fourier  transform  allows  us  to 
reconstruct  frequency  complex  RC.  Normalization  is  reached  by  dividing  the  frequency  data 
by  ones  for  metallic  plate. 

Analysis  of  (2)  shows  that  combination  of  time-gating  and  inverse  Fourier  transform  can 
extract  ^/?(®)|  .  After  square  rooting  modulus  of  RC  is  obtained.  Phase  information  is  taken 
from  the  inverse  Fourier  transforms  of  the  cross-correlation  function.  This  approach  is 
appropriate  if  frequency  property  of  reference  reflection  is  not  optimal  thus  the  error  of 
modulus  reconstructed  from  cross-correlation  function  is  rather  large.  Another  appropriate 
situation  is  one  then  autocorrelation  is  greater  than  any  cross-correlation  functions  but  under 
real  conditions  all  spurious  reflections  form  their  proper  autocorrelation  functions.  Spectra  of 
all  these  functions  have  identical  support  thus  informative  autocorrelation  function  is 
corrupted.  Practical  significance  of  this  approach  lies  in  situation  then  additional  signals  are 
absent  or  rather  small. 

THE  PRINCIPLE  OF  FOURIER  IN  ANTENNA  PATTERN  DETERMINATION 
The  principle  of  Fourier  holography  can  be  used  to  extract  signal  of  direct  way  in  antenna 
pattern  (AP)  measurement  by  multifrequency  methods  under  conditions  of  reflecting 
environment.  According  to  [4]  we  assume  that  the  direct  signal  can  be  represented  as 
F'(®)=./4exp(-7ffiri),  signals  caused  by  antenna  range  reflections  as 

jp(ro)=S  AiQxp{-jtaT^ 
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with  time  delay  Ti.  The  reference  signal  has  similar  form  with  time  delay  To.  Then,  the 
signal  registered  is  square  of  sum  of  reference,  direct  and  multipath  signals.  Measurement  of 
amplitude  of  transmission  coefficient  is  simpler  than  one  of  complex  data  at  many 
ja-equencies.  Squares  of  modulus  of  AP  taken  without  the  reference  signal  (this  component 
after  transformation  to  the  time  domain  corresponds  to  autocorrelation  function  of  AP)  and 
the  reference  signal  modulus  against  frequency  can  be  measured  separately.  Subtracting  two 
latter  components  from  basic  data  one  can  obtain  amplitude  of  direct  signal  by  means  of 
parametric  spectral  analysis,  for  instance  the  Prony's  method.  Repeating  this  set  of  operations 
for  all  discrete  angles  and  dividing  by  the  maximum  value  of  direct  signal  amplitude  one 
estimates  AP  after  elimination  of  environmental  effect  influence.  Normalization  by  the  square 
of  reference  signal  amplitude  eliminates  influence  of  generator  characteristic  and  improves 

estimation  accuracy. 

CONCLUSIONS  . 

Application  of  Fourier  holography  principle  for  complex  charactenstic  reconstruction  under 
situation  then  two  reference  signals  are  present  can  be  realized  for  scala.r  multifrequency 
measurements  if  time  of  propagation  in  structure  under  test  is  less  than  time  intervals  between 
reference  signals  and  between  structure  and  each  of  reference  signals.  Forming  complex 
reflection  coefficient  as  function  of  frequency  by  the  combination  of  the  modulus  of 
autocorrelation  function  spectrum  and  the  phase  of  spectrum  of  the  cross-correlation  function 
is  appropriate  if  spurious  reflections  are  negligibly  small.  Analogous  approach  can  be  utilized 
for  signal  of  direct  way  extraction  from  multifrequency  data  measured  under  conditions  of 
antenna  range  with  environmental  reflections. 
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Estimating  the  parameters  of  spectra  in  problems  of  remote  radio  sounding  of 

near-Earth  plasmas 

Stanislav  G.  Leus  and  Sergey  N.  Pokhil'ko 

Department  of  Space  Radio  Physics,  Kharkiv  State  University, 

4  Svoboda  Square,  Kharkiv  310077,  Ukraine 
E-mail:  Leonid. F.  Chernogor@umver. kharkov.  ua 

The  accuracy  and  resolution  of  remote  sensing  instruments 
employing  radio-wave  techniques  can  be  increased  by  applying  the  methods 
of  estimation  of  the  model  parameters.  On  the  basis  of  a  priori  information 
on  the  structure  of  signals,  effective  computing  algorithms  for  the 
construction  of  models  of  investigated  process  are  used.  A  data  model  is 
assumed  to  consist  of  a  limited  number  of  plane  waves  (oscillations) 
embedded  in  noise,  and  the  signal-to-noise  ratio  q>\. 

Methods  of  spectral  estimation  based  on  Levinson's,  Berg's, 
Cholesky's  and  least  squares  algorithms  with  a  solution  of  the  system  of  the 
linear  equations  by  Gauss's  method  are  used  in  the  simulations. 

Applying  Afferent  methods  of  an  autoregressive  parameter 
estimation,  computer  simulations  are  conducted  at  various  values  of  q  and 
for  a  number  of  waves  (oscillations). 

The  effects  of  the  order  of  autoregressive  models  on  the  results  of 
evaluation  are  investigated,  as  well  as  the  effects  of  the  length  of  the  time 
series. 

The  accuracy  and  stability  of  the  spectral  component  estimator  most 
of  all  depends  on  the  magnitude  of  q.  Frequently  it  is  enough  to  limit  its 
magnitude  by  g  =  5-10. 

The  least  effective  for  computing  is  Gauss's  algorithm  which  allows  to 
obtain  the  most  stable  and  unbiased  estimates.  The  application  of  the 
algorithms  to  nonlinear  fitting  does  not  result  in  an  ssential  improving  of 
the  estimates  obtained.  The  results  of  experimental  investigations  of  the 
ionospheric  plasma  at  various  altitudes  obtained  from  the  HF  Doppler 
sounding  technique,  partial  reflection  technique,  etc.  are  presented. 
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The  radar  equation  for  remote  radio  sounding  of  distributed  targets  with 

ultra-wideband  radio  signals 

Leonid  F.  Chernogor  and  Oleg  V.  Lazorenko 

Department  of  Space  Radio  Physics,  Kharkiv  State  University, 

4  Svoboda  Square,  Kharkiv  310077,  Ukraine 
E-mail:  Leonid.F.  Chernogor@univer.kharkov.ua 

Ultra-wideband  (UWB)  radio  signals  are  signals  the  bandwidth  of 
which  is  of  the  order  of  magnitude  of  or  equal  to  the  average  value  of  the 
frequency. 

Recently  such  signals  have  been  widely  employed  for  sounding 
natural  resources,  monitoring  in  glaciology,  hydrology,  etc.,  as  well  as  in  air 
navigation  radar.  We  have  studied  the  possibility  of  using  UWB  signals  for 
remote  radio  wave  sounding  of  the  atmosphere,  the  ionosphere,  the 
magnetosphere,  and  the  near-Earth  environment.  For  this  purpose  in 
particular,  the  radar  equation  is  derived  for  remote  sensing  instruments 
employing  radio  wave  techniques  j  it  takes  into  account  the  features  of 
distributed  targets  and  relates  the  signal-to-noise  ratio  at  the  input  of  the 
receiving  system  to  the  parameters  of  the  facility  and  the  medium.  The 
mathematical  models  of  UWB  signals  are  suggested. 

The  computer  simulations  of  the  dependence  of  the  signal-to-noise 
ratio  q  on  the  wideband  index  and  on  the  mean  frequency  of  UWB  signals, 
as  well  as  on  the  parameters  of  the  facility  and  media,  are  performed.  The 
applicability  of  these  results  to  the  radio  sounding  of  near-Earth  space  with 
the  mesosphere-stratosphere-troposphere  (MST)  radar,  incoherent  scatter 
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radar  and  partial  reflection  facilities  is  discussed.  In  case  of  narrow-band 
signals, 

P,  PGS^o- 
‘^~P„~{47rfR^P„ 

where  P  is  the  power  of  sounding  signals,  G  is  the  gain  of  the  transmitting 
antenna,  Sa  is  the  effective  aperture  of  the  receiving  antenna,  a  is  the  volume 
scattering  cross  section  of  a  beam-filling  target,  R  is  the  range. 

The  equation  for  UWB  signals  remains  the  same,  but  P,  Sa,  <j,  Pn,  and 
also  R  for  distributed  targets  become  functions  off.  In  this  case, 

-  /max  ( 

M = -wt  ■ 

fiiinx 

Pi.=kT„{fo)  jF{f)df 

fviin 

where  fmi ,  fmax ,  fo  are  the  minimum,  maximum  and  mean  frequencies  in  the 
signal  spectrum,  respectively,  k  is  Boltzman’s  constant,  r„(/o)  is  the  noise 
temperature  at  the  mean  frequency  in  the  signal  spectrum,  F(f)  is  the 
dimensionless  noise  (interference)  distribution  as  a  function  of  frequency,  t 
and  s(/)  are  a  pulse  length  and  a  complex  signal  power  distribution  as  a 
function  of  frequency,  respectively. 

L.  F.  Chernogor  has  been  supported  by  Science  and  Technology 
Center  in  Ukraine  Grant  No.  471 . 
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RESULTS  OF  THE  DYNAMIC  RADAR  TARGET  CHARACTERISTICS 
CALCULATIONS  IN  THE  DECAMETRIC  WAVE  BAND 

VA-Kovalchuk 

Kharkov  Military  University,  Svoboda  sq.  6,  Kharkov,  310043,  Ukraine 

The  problem  of  target  scattering  analysis  is  very  important  for  radar.  It  be¬ 
comes  complicated  considerably  in  over-the-horizon  radar,  where  a  number  of 
additional  factors  caused  by  ionosphere  influence,  earth  surface,  etc.  appear.  The 
total  sum  of  these  factors  can  change  the  radar  characteristics  of  the  target 
(RCT)  such  as  the  elements  of  polarization  scattering  matrix.  The  RCT  determi¬ 
nation  is  realized  either  by  experiments  or  by  physical  and  mathematical  simu¬ 
lation.  Experiments  and  physical  simulation  requires  considerable  material  and 
temporal  expenses  and  can  be  carried  out,  as  a  rule,  in  the  presence  of  a  number 
of  limiting  conditions.  Mathematical  simulation  of  RCT  has  no  such  disadvan¬ 
tage.  But  the  main  goal;  reliability  of  obtained  results,  must  be  achieved  in  this 
case.  It  puts  strict  requirements  on  the  choice  of  mathematical  model. 

Presented  mathematical  model  is  worked  out  for  decametric  wave  band  and 
enables  one  to  evaluate  the  dynamic  RCT  moving  over  an  arbitrary  earth  sxir- 
face.  The  model  basis  is  a  four-  beam  signal  propagation  scheme.  According  to 
this  scheme  the  electromagnetic  field  at  the  observation  point  is  determined  as 
the  sum  of  radio  wave  fields  scattered  by  the  target  to  the  observation  point  both 
directly  and  after  reflections  from  the  earth  surface  (in  various  combinations). 

Model  bloc-diagram  is  presented  in  Fig.l.  Target  type,  its  motion  charac¬ 
teristics,  the  incident  electromagnetic  wave  parameters  and  the  type  of  underly¬ 
ing  earth  surface  are  referred  to  the  model  input  data. 

The  static  RCT  are  determined  in  the  first  bloc.  For  this  purpose  a  problem 
of  radio  wave  reflection  firom  unmoving  target  of  complex  shape  located  in  free 
space  is  solved.  In  the  over-the-horizon  radar  the  typical  target  dimensions  are 
comparable  with  the  radar  signal  wavelength.  In  this  case  the  problem  of  radio 
wave  scattering  can  be  solved  approximately  if  a  continuous  target  surface  is 
replaced  by  a  net  wire  approximating  the  target  shape.  After  that  the  set  of  inte¬ 
gral  equations  is  reduced  to  a  set  of  linear  integral  equations  in  accordance  to  the 
methods  described  in  [1].  There  were  worked  out  three  models  representing 
target  characteristic  types:  strategic  bomber,  fighter  and  cruise  missile. 

The  model  of  earth  surface  is  presented  in  the  second  bloc.  The  earth  sur¬ 
face  is  defined  by  the  form  of  correlation  function,  correlation  interval,  variance 
of  irregularity  heights,  electrical  parameters,  level  of  sub-surface  water,  presence 
of  vegetation,  bushes,  woods,  reservoirs,  etc.  We  assume  that  these  data  are  a 
priori  well  known  in  statistical  sense. 
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The  target  motion  model  is  represented 
in  the  third  bloc.  Each  new  target  position  is 
defined  as  xi=xo+V/f,  where  xo  is  the  previous 
target  position,  V  is  the  target  motion 
velocity,  f  is  the  fi'equency  of  the  radar  pulse 
repetitions. 

In  the  fourth  bloc  all  specular  points  at 
the  earth  surface,  with  taking  into  account  the 
possible  shadows  that  one  surface  irregularity 
throws  at  another,  and  also  the  total 
electromagnetic  field  at  the  observation  point 
are  determined.  The  sequence  of  pulses 
scattered  by  the  target  is  called  the 

modulating  fimction.  The  obtained 
modulating  function  was  analyzed  in  the 
frequency  and  time  domains:  distribution  laws 
of  reflected  signal  parameter  were  determined, 
frequency  spectra  of  modulating  function  and 
its  correlation  function  were  calculated,  the 
Doppler  frequency  spectrum  width  of  the 
scattered  signal  and  correlation  interval  of  the 
modulating  function  were  evaluated.  The  results  were  averaged  for  ten  realiza- 
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tions  of  the  ground  surface. 

The  typical  modeling  results  are  presented  in  Fig.2  and  Fig.3.  In  Fig.2,  a 
correlation  interval  Tcor  of  modulating  fimction  for  the  vertically  polarized  signal 
is  shown.  In  this  case  the  target  is  a  fighter  flying  with  the  speed  of  300  meters 
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per  second  above  the  earth  surface  with  parameters:  surface  correlation  fimction 
of  a  Gauss  type,  correlation  radius  is  2000  m,  dispersion  of  roughness  heights  is 
lOOm^,  soil  type  is  a  black  earth.  The  results  were  averaged  for  N  samples  of  the 
earth  surface.  The  Doppler  fi-equency  spectrum  width  at  the  different  levels  of 
the  scattered  vertically  polarized  signals  and  the  estimate  of  the  maximum  Dop¬ 
pler  firequency  spectrum  width  are  shown  in  Fig.3. 

Analogous  theoretical  results  obtained  for  all  target  t3q)es. 

The  analysis  of  simulation  results  enables  us  to  state  the  following.  Statisti¬ 
cal  characteristics  of  signals  scattered  by  aerodynamic  target  depend  on  its 
flight  height.  We  can  distinguish  three  height  ranps  at  which  the  difference 
from  statistical  characteristics  is  observed  most  distinctly.  The  laws  of  reflected 
signal  parameter  distributions,  correlation  intervals  of  modulating  function  of 
various  target  types  differ  from  each  other.  These  differences  form  a  basis  of 
target  recognition  algorithms. 
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DETECTING  QUADRATIC-TYPE  NONLINEARITIES  OF  RANDOM 
PROCESSES  IN  THE  PRESENCE  OF  ADDITIVE  NOISE 
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The  problem  of  detecting  nonlinear  effects  often  arises  in  investigations  of  different 
physical,  engineering  and  other  systems.  These  can  be,  for  example,  nonlinear  distortions  in 
radio  devices,  coupling  of  waves  in  nonlinear  media,  or  nonlinear  mechanisms  of  their 
generation.  A  powerful  tool  for  solving  this  problem  is  the  use  of  cumulants  or  their 
associated  Fourier  transforms,  known  as  polyspectra  [1,2].  However,  the  estimation  of 
cumulants  (or  polyspectra)  of  real  processes  (especially  for  fairly  long  realizations)  requires 
cosiderable  computation  resources,  in  particular,  RAM.  The  present  paper  illustrates  the 
potentials  of  the  so  called  “IjD  -  spectra”,  r(0),  for  solving  the  problem  of  detecting  weak 

quadratic-type  nonlinearities  of  random  processes  in  the  presence  of  additive  noise  [2],  This 
technique  is  a  particular  case  of  the  bispectral  analysis  being,  however,  much  easier  in  use. 

The  response,  u^it) ,  of  a  quadratic-type  nonlinear  system  to  an  input  process, 
can  be  represented  as 

«o(0  =  w,(0  +  ^-w/(0, 

with  k  being  the  nonlinearity  factor.  Because  of  the  noise,  the  input  of  an  analyzer  oriented 
toward  detection  of  this  type  of  nonlinearity  and  estimation  of  k  is 

M(0  =  «o(0  +  «(0>  (1) 


where  n(t)  is  the  random  noise.  As  can  be  shown, 
for  a  random  stationary  process  y(t)  the  “lyD  - 
spectrum”  is 

+00  -  +00 

—00  —GO 

where  and  Cy(T,r)  are  the  bispectrum 

and  third-order  cumulant  of  y(t),  respectively. 
Since  Cy(T,r)=<  y{t)- y^(t+T)>  (the  angular 
brackets  denote  the  expectation  procedure),  r^(0) 
can  be  regarded  as  a  cross-spectrum  of  y(t)  and 
y^it).  Hence,  the  fiinctional  diagram  of  the 
algorithm  can  be  represented  as  it  is  shovwi  in  Fig. 
1.  If  u^(t)  and  n(t)  are  mutually  independent 

stationary  zero-mean  Gaussian  processes  and  k  is 
sufficiently  small,  then  r(<u)  can  be  written  as 


Fig.l  Functioiial  diagram  of  the  algorithm  for 
calculating  r((y):  11^(0),  11,(0) 
and  (0)  are  responses  of  the  analyzer 
input  device  and  filters,  respectively 
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+00 

r(fi))  =  lk\  {all  +  ^)||n2  (0/2  -  #)|  •  Q{(0,  (2) 

-00 

Here  |  |  denotes  the  absolute  values  of  the  complex  functions; 

=  (p^  {all  ^^)  +  <Pa  -^)-<Pa  (<») + io>l2 + (©/2  -  ; 

0((9,^)=ln^(®)||n^(©/2+^)l|n^(0/2-^)|[<l5,(^^^  x\s,{(o/2+4t >+ 

+  <  (fi>)p  ><  \S,  {a/2  -  >  +  <  l'S’5  (®/2  +  ^)1  ><  l-S'^  {o>/2  -  4)\  >]; 


<|5',(0^^  >  is  the  power  spectrum  of  u^{t);  and  (p^{a),  ^,(0)  and  ^2(®)  P^^^e 

responses  of  the  analyzer  and  the  filters,  respectively.  In  Eq.  2  we  have  omitted  the  terms 
which  contribute  at  0  =  0  and  assumed  |n^(0)|=0.  In  practical  situations  expectations  are 
replaced  by  sample  averages  and,  hence,  the  following  estimate  can  be  suggested. 


1 

rw=- 


/  ^  jv  +00  ^ 

—  y  fr/0'5,(0)-s,(0');?;(0+0'), 
\27rJ 


(3) 


T 

where  5,(0)  =  -]dtu,{t)e-‘^  ,and  N  =  TJT  is  the  number  of  T  -length  realizations  of  the 

u{t)  process  within  the  total  observation  time  .  As  can  be  shown,  Eq.  (3)  yields  unbiased 
and  consistent  estimates  of  r(0)  with  variances  and  cr^  of  real  and  imaginary  parts  of 


f(0),  respectively  (for  a  sufficiently  small  k ) 


^2  __^2  _ 
^Re  ~  ^bn 


4N 


+ 


+^|n^(0)nn,(20)fn2,(0)<l5„(0)|  >^<K(20)|  > 


Here 

/)(0,^)=|n^(0)fln^(0/2-^)f  |n^(0/2+#)r  <|5„(0)1'  >  x 

x<|5„(0/2-^)p  ><|5„(0/2+^)|'  >; 

n,,(0,^)  =  n,(0/2-^)n,(0/2  +  ^)  +  n,(0/2  +  ^)n,(0/2-^);and 

(® ) = n,  (0)n*  (20)n,  (20)n;  (0) + [n,  (2ry  \n^  {af  + 

+ jHi  (0)| '  In^  (20)|'  +  n;  (20)02  (0)n;  (0)02  (20). 

Since  is  always  finite,  cr^  and  cr^  are  actually  non-zero  values  and,  hence,  r(0)  is 

usually  estimated  with  some  error.  To  reduce  the  error,  several  procedures  can  be  applied, 
e.g.,  frequency  averaging  or  the  use  of  a  duly  selected  approximation  for  r(0) . 

The  phase  response,  ^^(0),  in  Eq.  (2)  is  not  always  known  with  a  required  accuracy. 
This  difficulty  can  be  overcome  by  the  use  of  sufficiently  narrow  band  filters.  The  most 
suitable  are  rectangular  filters  (e.g.,  sjmthesized  numerically).  If  the  filter  bandwidth  is 
significantly  smaller  than  H^  (0) ,  then  we  obtain 
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|r(«)|  =  2*  /  dip, (all  +  ^  )||n,  (®/2  -  f)|  •  Q(a,4) .  (4) 

-00 

To  estimate  k  from  Eq.  (4)  one  needs  a  knowledge  of  >,  while  in  the  most  of 

practical  cases  this  information  is  absent.  However,  there  is  a  possibility  to  resolve  this 
problem.  Let  us  assume  the  spectral  density  of  noise  to  be  a  constant  value  within  the 

frequency  band  of  the  analyzer,  i.e.  <|5'„(m)|^  >=/^  =const,  while  <|5'^(6))p  >  depends  on 
frequency.  Since  for  a  sufficiently  small  k 

<\S,(af>=^\S,(af>-I\ 
and  we  can  write,  in  accordance  with  Eq.  (4): 

|f(6>)|  =  k[A((o)r  -  2B{g})P  +  C(0)] .  (5) 

+03 

Here  A(a)^6jdi\n,(a/2+ip,(a/2-  ^)||n,  )| ; 

-00 

-fco 

B(a)  =  2fdi\n,(a/2+ip,(a/2-Siin,(a,ip. 

-00  •* 

>  +  <|.S.(<B/2+^f  >  +  <|S.(ffl/2-f)|"  >;} 

+00 

C(a)  =  2fdi\n,(a/2  +  iHn,(a/2-ip.(a.i);md 


|n,(o,^)|=|n,(®)|n,(ffl/2+^)|n,(ffl/2-^)|. 


The  function  Q^(o),^)  can  be  obtained  from  Q(ct),^)  (see  Eq.(2))  by  replacing  <|,S’^(fu)|^  > 
with  <|5'„(m)|^  >.  If  |f(m)|  is  measured  at  two  frequencies,  gj,  and  ,  then  we  have  a  set  of 


two  equations  with  respect  to  P  and  k . 

The  proposed  algorithm  was  tested  by  means  of  a  numerical  simulation.  Standard 
software  was  applied  to  generate  statistically  independent  random  Gaussian  processes  u^(t) 
and  n(t)  with  specified  parameters.  At  the  first  stage  the  real  and  imaginary  terms  of  r(£u) 
were  estimated  from  Eq.  (3)  at  two  frequencies.  The  inaccuracy  pertaining  to  the  estimates 
was  reduced  by  using  an  approximation  function  matched  to  the  expected  r(G?)  in  the  best 

way  for  the  given  shape  of  <|5„(0)|^>  and  P  =  const  and  filter  responses.  Then  the 
modulus  of  r(m)  was  calculated  at  both  frequencies.  Finally,  by  solving  a  set  of  two 
equations  like  Eq.  (5),  the  nonlinearity  factor  k  was  found.  The  relative  errors  in  determining 
k  did  not  exceed  10%  for  N  - 1000.  Hence,  the  algorithm  proved  to  be  quite  acceptable  for 
practical  applications. 
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Abstract 

Recently  considerable  attention  is  still  attracted  to  creation  and  developmmt  of  vanous 
schemes  of  Mueller-polarimeters.  However,  there  are  some  disadvantages  in  existing  models.  In 
present  paper  the  general-purpose  electronically  controlled  transformer  of  polarization  usmg 
electrooptical  effect  is  suggested  to  utilize  it  as  a  main  part  of  modem  Mueller-polarimeter. 
Apphcation  of  this  transformer  is  shown  to  give  some  significant  advantages,  such  as: 

-any  polarization  state  of  probing  radiation  can  be  realized  (generally,  the  whole  Poincare 
sphere); 

-high  speed  of  measurements  (up  to  5-10  microsec.  per  single  measurement); 

-possibihty  of  full  automatization  of  Mueller-polarimeter  and  measurcmait  process; 
-multi-frequency  (spectral)  measurements  (frequency  range  is  limited  with  other  parts  of 
Mueller-polarimeter,  in  particular,  on  photodetector); 

-functional  elasticity  (the  possibility  of  work  in  main  polarimetry  measurement  regimes:  four- 
polarization  method,  dual  rotating-compensator  method;  measurement  of  studied  object 
response  to  any  polarization  state  of  probing  radiation;  Jones  matrix  measurement  etc.). 

Introduction 

At  present  time  there  is  a  variety  of  methods  to  investigate  linear  interaction  of 
electromagnetic  radiation  and  studied  object.  It  is  known  the  interaction  can  be  Mly  characterized  by 
Mueller  matrix  [1],  which  describes  the  transformation  of  polarization  state  of  probing  radiation  into 


output  radiation,  received  by  photodetector. 

Any  polarization  state  of  quasimonochromatic  radiation  (non-,  partly-  or  fiilly-polanzed)  can 
be  presented  by  4-dimension  Stokes  vector ,  having  such  form:  S  -  U\  V}  ,where  components 
of  Stokes  vector  give  us  all  information  about  predominant  types  of  polarization  [ll-  As  we  said 
above.  Mueller  matrix  describes  the  transformation  of  polarization  state  of  radiation  through 
interaction,  and  mathematically  it  is  the  matrix  operator  of  linear  transformation  from  Stokes  vector 
of  probing  radiation  to  Stokes  vector  of  output  radiation: 

S„=[M-\S.  <1) 

So  the  measurement  of  Mueher  matrix  of  studied  objects  is  of  great  mterest  because  of  its 
great  informativity.  Usually,  the  basic  scheme  of  Mueller-polarimeter  consists  of  three  blocks: 
polarization  state  generator  PSG  (forming  probing  radiation),  studied  object  and  polanzation 
state  analyzer  PSA  (analyzing  polarization  state  of  radiation  after  its  interactiOT  with  object). 
The  principle  of  measuring  Mueller  matrix  is  based  on  irradiation  of  object  by  different  states  of 
polarization  (at  least  four)  and  calculating  Mueller  matrix  by  analyzing  output  radiatiom 
Differences  between  some  schemes  of  Mueller-polarimeters  arc  in  particular  execution  of  PSG 
and  PSA  and  conforming  calculations.  Analyzing  some  particular  schemes  of  MueUer- 
polarimeters  [2-6],  some  their  disadvantages  were  found:  l)low  level  of  automatization  and 
comparatively  long  time  of  measuring,  which  don’t  permit  us  to  study  some  olqects  with 
fluctaating  characteristics;  2)  high  level  of  Mueller  matrix  elements  measurements  error;  3)sorae 
schemes  contain  excessive  quantity  of  optical  elements,  which  makes  some  difficulties,  connected 
with  automatization  and  cahbration  of  the  device;  4)measurements  are  carrying  out  only  on  one 
wavelength  of  probing  radiation,  that’s  why  there’s  no  any  information  about  disperse  prop^ies 
of  studied  objects;  5)  narrow  range  of  appheations  Oow  level  of  functional  elasticity),  makmg 
some  difficulties  when  use  of  Mueller-polarimeter  for  other  measurements  (measuring  J^ones 
m“rix,  analysis  of  polarization  state  of  studied  radiation,  etc.).  To  decrease  these  disadvantages 
improved  polarization  state  generator  using  electrooptical  effect  is  suggested  m  this  paper. 

Mueller-polarimeter  scheme. 

We  suggest  to  use  in  polarization  state  transformer  of  probing  channel  to  make  it  multipur^se 
electrically  controlled  elements  with  linear  phase  and  amplitude  (ideal)  amsotropy.  Full 
functional  scheme  of  MueUer-polarimeter  is  shown  on  Fig.  1  below. 
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Now,  consider  additional  advantages  of  this  Mueller-polarimeter; 
1)  it  is  fully  automatic  and  have  high  speed  of  measurements; 


2)  it  have  complete  functional  elasticity  (^\ithout  major  changes  it  gives  us  opportunity  to 
conduct  analysis  of  polarization  state  of  studied  light,  measurements  of  Jones  matrices, 
investigation  of  studied  object  response  to  given  polarization  state  etc.). 

3)  it  can  operate  in  comparatively  wide  frequency  band. 

Particularly,  this  frequency  band  caused  by  working  band  of  utihzed  photodetector.  We 
conducted  the  measurements  on  2  wavelengths,  generated  by  helium-neon  laser  LG- 126:  0.63um 
and  1.1 5um,  viiich  are  in  working  band  of  utilized  photodetector  (PEM-62),  So,  the' Mueller- 
polarimeter  can  measure  dispersion  characteristics,  containing  additional  information  on  studied 
object.  By  the  way,  in  this  case  switching  from  one  wavelength  to  another  is  comparatively  easy 
operation  which  could  be  done  program-simulated. 

4)  it  contains  very  limited  number  (the  quantity  of  elanents  is  minimally  necessary  for  Mueller- 
polarimeter)  of  optical  elements  and  that  is  why  it  is  comparatively  easy  in  calibration  and 
aligmnent. 

5) The  measurement  error  must  be  at  least  twice  lower  than  measurement  error  of  MueOer- 
polarimeter  [5]  because  polarization  state  generator  supplies  any  needed  polarization  state  (in 
details,  look  below)  and  that’s  why  Mueller-polarimeter  can  operate  under  absolute  minimal 
COND  [8]. 

Mathematical  support  of  PSG. 

Optical  scheme  of  PSG  (polarization  state  gena*ator)  is  shown  on  Fig.l  above.  To  make 
radiation  with  needed  polarization  state  we  can  operate  by  azimuth  of  polarizer  0^ ,  azimuth  of 

retardation  plate  O2  and  its  retardance  A2 .  So,  we  have  3  degrees  of  freedom,  that  is  enough  to 

maintain  2  degrees  of  freedom  of  polarized  radiation  (azimuth  6  and  ellipticity  angle  s ).  That’s 
why  we’ll  show  below  that  we  can  maintain  any  needed  polarization  state  using  retardation  plate 
with  A  =  ;t  /  2 .  With  the  help  of  computer,  we  can  automatically  keq>  stable  this  value  of 
retardation  after  switching  to  another  wavelength.  As  a  source  of  radiation  we  must  use  any 
monochromatic  source  of  depolarized  (but  collimated)  or  circularly-polarized  light  (we  use  He- 
Ne  laser  with  retardation  plate  A  /  4). 

Making  somie  matrix  calculations  to  find  Stokes  vector  of  radiation  on  the  output  of  PSG 
(under  condition  that  A2  —  71 !  have: 

n  1 


}_ 

2 


cos(2^, )  -  sin(2^2 )  sin(2^2  ~  ) 
sin(2^,)  +  cos(2^2)  sin(2^2  “  2^i) 


sin(2^2  “  2^1) 


We  must  mamtain  polarization  state  with  any  needed  parameters  6  and  e ,  so  according  Stokes 
vector  is  shown: 
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”  2 


C0S(2£')  C0S(2^)  (3) 

cos(2g)  cos(2^) 

Lsin(2£)  J 

Therefore,  after  calculations  from  (2)  and  (3)  we  have  the  needed  values  for  0,  and  0^ : 


(4)  or 


=  -  -arcsine,  +^arcsin( 


•\/l  —  (■^s) 


(5)  when  Stokes 


1 


=-arcsin( 

L 


(■^3) 


(7) 


vector  of  the  needed  radiation  is  given  in  form :  5,,  =  [  1;  5, ;  5, ;  53  ] .  We  can  see  that  formulas  (4) 

or  (5)  can  maintain  any  polarization  state  because  they  give  us 
parameters  of  the  needed  radiation  and  azimuths  61, 02  of  polarization  devices.  So,  gi 
multipurpose.  , 

I  =  0.25{5l  +(cos^(2^4)  +  sin'(204)cos  A4)S'L,  + 

+(cos(26>4)  sin(26>4)(l  -  cos  A4))-SL  -  sin(204)  sin  A45„'„,} 

.  c  -  1 C®  •  <7*  ‘  •  .S'M  is  Stokes  vector  of  analyzed  radiation,  0^  and  A4 

scheme  of  MueUer-polarimeter  [5,6],  where  0,=mt,  we  have  expressions  for  Founer- 

components  of  intensity:  ^ 

1) constant  component :  /q  =  0.25{5®„,  +[!-(!-  cos  A4)0.5]5';,^ 

2) with  sin(2t(>i):  /j  = -0.25  sin  A  4 

3) with  cos(2crt)  :  =  0.125(1 -cosA4)/S’„( 

41with  sin(4c7i)  :  1‘i  —  0.125(1  —  cosA4)5"j„^j. 

the  dependence  of  on  wavelength. 

t  toKa’S^’-Modem  deOTptioo  of  polarized  light:  matrix  methods"  //Optics  and  Laser 
I'Sn^i'-Muetoli^riSi^^ry  trith  imperferi  compensators”  //Journal  of  Optied 
f  Sol'tS!  hJSe;  Rp!Sov  M.K.  “Polarimeter  with  aectrogyrator,  Modulators" 

"c^««.  riauepenm.  napaMonto.  nouapnaouatutoro 

?S^oTb“T..1^»  ci  “AKrimna.  CroKcmouap™.^, y— 

nomtpnaouamton  tonoBoh  //  «cm«.  «t, 

p— 

fSiS7sN°T:^tr^KX^^o  B.M.,  Sk’oblya  Yu. A..  Pf 

MuS^arimluer  paramefus  upon  the  emor  of  the  measnmd  msnits  //  SPIE  Proc. 

vol.3199,N32. 
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